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ABSTRACT
Nuclear pore complexes (NPCs) are vital to nuclear-cytoplasmic communication in
eukaryotes. The yeast Thp1-Sac3-Cdc31-Sus1 complex, also known as the TREX-2
complex, is anchored to the NPC via the nucleoporin Nup1, and is essential for mRNA
export. In this study, the Arabidopsis homolog of the yeast TREX-2 complex was
discovered. Physical and functional evidence support the identification of the Arabidopsis
orthologs of the yeast Thp1 and Nup1. Of three Sac3 Arabidopsis homologs, two are
putative TREX-2 components. Surprisingly, none are required for mRNA export as is the
yeast Sac3. Physical association with TREX-2 was observed for the two Cdc31 homologs,
but not the Sus1 homolog. Interactions of the Arabidopsis homolog of DSS1, a
proteasome component in yeast and animals, with both the TREX-2 and the proteasome
were observed, suggesting a possible link between the two complexes. Association of
UCH1 and UCH2, the Arabidopsis homologs of de-ubiquitinating protease UCH37, with
the proteasome was also demonstrated. Mutation in the core components of TREX-2
resulted in an altered response to plant hormones, suggesting a possible link between the
mRNA export and hormone response. The Arabidopsis ortholog of Nup1 was found to be
involved in pollen development and pollen tube guidance. This study identified the plant
TREX-2 and added new components to both TREX-2 and the proteasome, thus providing
a foundation and new perspectives for future studies of cellular processes involving
nuclear export and protein degradation.
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Chapter 1. INTRODUCTION
1.1 Nuclear pore complex
1.1.1 The nuclear envelope
Eukaryotic cells are characterized by distinct nuclear and cytoplasmic compartments
separated by the nuclear envelope (NE). The NE provides a physical barrier that separates
the biochemical environments between the cytoplasm and nucleoplasm. This physical
barrier provides eukaryotes a critical control mechanism by segregating the sites of
transcription from the site of protein synthesis. The NE also mediates and regulates
nucleocytoplasmic transport by the selective exchange of molecules between the nucleus
and cytoplasm (Terry et al., 2007; Carmody and Wente, 2009).
The NE consists of two distinct double lipid bilayer membranes that are separated by a
perinuclear space (Fig. 1A). The nucleoplasm-facing inner membrane is connected to the
nuclear lamina. The cytoplasm-facing outer membrane is continuous with the
ribosome-associated endoplasmic reticulum (ER), which allows for the direct insertion of
NE membrane proteins and their translocation into the perinuclear space (Hetzer and
Wente, 2009). The outer and inner NE membranes are fused at specific sites to form
circular channels across the nuclear envelope called nuclear pores, which are made up of
nuclear pore complexes (NPCs) (Fig. 1A).

-2-

Figure 1. Illustration of the nuclear pore complex.
The nuclear pore complex (NPC) is a large protein complex that extends across the
nuclear envelope at points where the inner and outer nuclear membranes are fused,
creating points of transit between the nucleoplasm and cytoplasm.
A. Schematic cross-section of the nuclear pore complex showing major components. The
colors represent the different categories of nucleoporins as described in B.
B. Major sub-complexes of the plant NPC are shown on the left and the corresponding
yeast homologs are shown on the right. Different categories of nucleoporins are shown in
different colors as indicated in the box.
The images were created based on the information in Hoelz et al. (2011).
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Figure 1. Illustration of the nuclear pore complex
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1.1.2 Functions of the nuclear pore complex
The main function of NPCs is to control the transport of molecules between the nucleus
and cytoplasm (Rout et al., 2000). Ions and molecules that are smaller than ~40 kDa are
able to passively diffuse through the NPC. However, macromolecules such as proteins,
RNAs and ribonucleoproteins (RNP) need to be actively transported through the NPC,
mediated by different receptors, in an energy-dependent manner (Kohler and Hurt, 2007).
The traffic through the NPC is highly specific and tightly regulated (D'Angelo and Hetzer,
2008), as alterations in NPC members or the nuclear transport process have a strong
impact on cell growth and survival (Poon and Jans, 2005).
NPCs and nucleoporins are involved in many other biological functions in addition to
controlling nucleocytoplasmic transport. Both nuclear pores and nuclear envelope act as
anchoring points for chromatin and transcriptional machineries. This kind of association
is involved in gene activation and repression (Akhtar and Gasser, 2007; Kalverda et al.,
2008). In vertebrates, Nup358 (Nucleoporin 358 kDa) is an active E3 ligase in the
sumoylation reaction (Pichler et al., 2002; Pichler et al., 2004), suggesting that NPCs may
be involved in the regulation of numerous cellular processes such as transcription, DNA
replication, DNA damage repair through the SUMO (small ubiquitin-related modifier)
pathway. Nup358 also contains a cyclophilin A homologous domain that associates with
subunits of the 26S proteasome and might modulate ubiquitin-proteasome function (Yi et
al., 2007). The NE lumen and associated proteins can also transmit information from the
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nuclear membranes are involved in signal transduction (Bootman et al., 2009; Burke and
Roux, 2009).

1.1.3 Structure of the nuclear pore complex
NPCs are very large multi-protein complexes. The yeast NPC has an estimated size of
66 MDa (Rout and Blobel, 1993) while the vertebrate NPC is about 125 MDa (Reichelt et
al., 1990). Despite the size difference, the overall 3D architecture of the NPCs is well
conserved between yeast and vertebrates, except for variations in the dimensions among
different species (Fahrenkrog et al., 1998; Cohen et al., 2002; Stoffler et al., 2003). The
NPC has an eight-fold rotational symmetrical structure and is comprised of three main
parts: a central core as a transport channel, a nuclear basket and cytoplasmic filaments
(Fig. 1A). The central core is made up of three distinct ring structures. The spoke ring
consists of right clamp-shaped structures that are attached to the membrane. This spoke
ring has cytoplasmic and nucleoplasmic rings that are associated with the outer and inner
sides of the membrane, respectively (Hoelz et al., 2011).

1.1.4 The nucleoporin family
NPCs are made up of approximately 30 different proteins called nucleoporins (Antonin et
al., 2008). Nucleoporins in yeast and vertebrates are already known and characterized for
some time (Rout et al., 2000; Cronshaw et al., 2002) while the Arabidopsis thaliana
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localization within the NPC, the nucleoporins can be classified into six categories
(Fig. 1B): integral membrane proteins of the pore membrane domain of the nuclear
envelope (POMs), membrane-apposed coat nucleoporins, adaptor nucleoporins, channel
nucleoporins, nuclear basket nucleoporins, and cytoplasmic filament nucleoporins (Hsia
et al., 2007). The concentric cylinder of the NPC central core is composed of symmetric
nucleoporins, which consist of POMs, coat nucleoporins, adaptor nucleoporins, and
channel nucleoporins. Asymmetric nucleoporins form the nuclear basket and the
cytoplasmic filaments serve as docking sites for transport factors (Hoelz et al., 2011). A
number of channel nucleoporins with phenylalanine-glycine (FG) repeats presumably line
up in the central channel, making up the transport barrier and play an important role in
regulating transport (Antonin et al., 2008).

1.1.5 The dynamic nuclear pore complex
Contrary to the assumption that the NPC structure has a defined composition of
nucleoporins at a specific location, a number of studies showed that the NPCs undergo
different types of dynamic molecular organization (Griffis et al., 2004; Rabut et al., 2004;
Lim et al., 2007). The residence times of different nucleoporins at the NPC can vary from
a few seconds to more than 70 hours depending on their location and function (Rabut et
al., 2004). While the nucleoporins that form the NPC scaffold are stably embedded in the
NE that have residence times longer than the average cell cycle, the more peripheral
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vertebrates, the nucleoporin Nup153 and Nup98 (nucleoporin 98 kDa) can shuttle
between the nucleus and cytoplasm in a transcription-dependent manner (Griffis et al.,
2004). Change in nucleoporin conformation but not their location can also lead to
structural changes of the NPC. For example, Nup153 has been reported to collapse
reversibly into a compact conformation when its FG-repeats bind to the transport receptor
Importin β (Lim et al., 2007).
The functional significance of having dynamic NPCs is still unclear. It has been proposed
that mobile nucleoporins can help to deliver cargo to the NPC (Griffis et al., 2004). A
dynamic NPC can also indicate changes in protein composition in response to altered
transport requirements as the presence of tissue- and developmental-specific nucleoporins
(Cai et al., 2002; Storr et al., 2005). It was also reported in yeast that some nucleoporins
can modify their location at the NPC by changing interacting partners, affecting specific
nuclear transport pathways (Makhnevych et al., 2003).

1.1.6 The plant nucleoporins
Several Arabidopsis or Lotus japonicus nucleoporins have been identified in genetic
screens for different signaling pathways, which include pathogen resistance (Zhang and
Li, 2005), nodulation (Kanamori et al., 2006), auxin sensitivity (Parry et al., 2006) and
cold-stress resistance (Saito et al., 2007). In Arabidopsis nucleoporin mutants sar3
(suppressor of auxin resistance 3) (Parry et al., 2006), sar1 (suppressor of auxin
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(nuclear pore anchor)/attpr (Arabidopsis translocated promoter region) (Jacob et al.,
2007), pleiotropic phenotypes of developmental defects were observed such as smaller
plant size, abnormal phyllotaxy, terminal floral structures and reduced fertility. In a recent
comprehensive proteomic study, eight known and 22 new nucleoporins have been
identified in Arabidopsis (Tamura et al., 2010). Even though plant nucleoporins share a
similar domain organization to their vertebrate and yeast counterparts, they have a higher
sequence similarity to vertebrate proteins than to yeast proteins. Plants also possess a
FG-repeat-containing nucleoporin that has no vertebrate homolog based on sequence
analysis (Lu et al., 2010; Tamura et al., 2010).

1.2 mRNA export in eukaryotic cells
1.2.1 mRNA export at a glance
Karyopherins are a group of proteins that are involved in transporting molecules between
the cytoplasm and nucleus of eukaryotic cells (Poon and Jans, 2005). The trafficking of
most cargos between the nucleus and cytoplasm involves karyopherin-mediated receptors.
The direction of transportation is determined by a gradient of the GTP-bound state of the
small GTPase Ran (Madrid and Weis, 2006). RNAs that show some structural identities,
such as tRNA, miRNA, snRNA and rRNA, can be recognized by class-specific export
receptors and get exported in a RanGTP-dependent manner, similar to protein export
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structure; thus, it is necessary to utilize other exporting strategies.
mRNA export is one of the important regulatory steps of eukaryotic gene expression
(Kohler and Hurt, 2007). mRNAs are transcribed in the nucleus and have to be
transported into the cytoplasm and then translated into protein in a process that involves
several steps (Carmody and Wente, 2009). Starting from transcription initiation,
pre-mRNAs bind to different proteins, forming mRNA ribonucleoprotein particles
(mRNPs) and undergo a series of processing (Bentley, 2005). The mRNPs containing
mature mRNA are then targeted to and translocated through NPCs. After the translocation,
the mRNPs are directionally released into the cytoplasm for translation. mRNA export is
also involved in the quality-control of mature mRNAs to ensure that only properly
processed mRNAs can be exported (Green et al., 2003; Galy et al., 2004). It has been
revealed that transcription, pre-mRNA processing, and export of mature mRNAs to the
cytoplasm are mechanistically coupled, and that these processes dependent on a complex
network of interactions among the expressed genes, different RNA processing factors and
NPCs (Straszer et al., 2002; Aguilera, 2005; Masuda et al., 2005).

1.2.2 The mRNA processing
During transcription, the nascent pre-mRNA is associated with different factors, some of
which are heterogeneous nuclear ribonucleoproteins (hnRNPs) (Dreyfuss et al., 2002).
There are ~30 different hnRNPs in humans, and only about ten in yeast (Dreyfuss et al.,
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conservation is minimal from yeast to humans (Dreyfuss et al., 2002). pre-mRNAs
undergo a series of modifications after transcription, including 5’-capping, splicing, and
3’ cleavage followed by polyadenylation (Bentley, 2005). When a transcript reaches a
certain length, a 7-methylguanosine cap is added to the 5'-end, which protects the nascent
pre-mRNA from degradation (Shatkin and Manley, 2000). The cap binding complex
(CBC, comprised of cap binding proteins CBP20 and CBP80) binds to the 5’-cap
(Izaurralde et al., 1994). After that, the exon junction complex (EJC) is located upstream
from the site of the exon fusion for splicing and in the meantime serves as a platform for
recruiting additional export factors (Le Hir et al., 2001). When the polyadenylation site is
recognized in the 3'-untranslated region (UTR), pre-mRNA is cleaved immediately
downstream followed by the addition of a poly(A) tail, terminating transcription
(Proudfoot, 2004). pre-mRNA without proper processing will be directed for degradation
instead of export (Carmody and Wente, 2009).

1.2.3 The bulk mRNA export pathway
The 5’-capping and splicing are both required for the recruitment of a
transcription-export (TREX) complex (Masuda et al., 2005; Cheng et al., 2006). The
TREX complex consists of the Tho2-Hpr1-Mft1-Thp2 (THO) complex and a set of
export factors that include Sub2, Yra1 and Tex1 in yeast and UAP56/HEL and REF/ALY
in humans (Straszer et al., 2002; Masuda et al., 2005). The THO complex, which consists
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al., 2008). The composition of TREX and THO complexes is highly conserved between
yeast and humans and both are essential for mRNA export (Straszer et al., 2002). It is
reported that the 3'-end of genes is a site for the assembly of novel protein-DNA
complexes that contain NPC components, suggesting that THO and Sub2 act at a step
after completing 3'-end processing (Rougemaille et al., 2008). The human UAP56
(homolog of yeast Sub2) is preferentially recruited to intron-containing mRNAs and
directly interacts with the RNA export factor REF/ALY (Yra1 in yeast) and the TREX
complex (Straszer et al., 2002; Masuda et al., 2005; Dufu et al., 2010). Through
REF/ALY, TREX mediates the interaction of mRNA with the nuclear export receptor TAP
and cofactor P15 (Mex67 and Mtr2 in yeast, respectively) (Stutz et al., 1996; Herold et al.,
2000). The TAP-P15 heterodimer enables transit of bulk mRNA via the association of
TAP with the FG repeats within the interior of the NPC (Stutz et al., 1996). Recent work
also suggested an important role for GANP (germinal-center associated nuclear protein)
in the recruitment of TAP-P15 bound export complexes to the NPC (Wickramasinghe et
al., 2010b). In yeast, the shuttle protein Dbp5, a DEAD (Asp-Glu-Ala-Asp) box helicase,
binds to mRNA in the nucleus and accompanies it to the cytoplasmic side of the NPC
(Tran et al., 2007). The ATPase activity of Dbp5 is activated by interacting with Gle1, an
RNA exporting factor. The activity of Dbp5 can then induce ATP-dependent remodeling
of mRNPs on the cytoplasmic side of NPC.
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mRNA export machinery, which targets genes that are being transcribed at NPCs (Fischer
et al., 2002; Gallardo et al., 2003; Chekanova et al., 2008) (Fig. 2A). TREX-2 facilitates
mRNA export through the physical attachment of the activated gene locus to the NPC.
This is mediated by binding to nucleoporins on the nuclear basket of NPC and to the
SAGA (Spt-Ada-Gcn5-acetyltransferase) complex (Cabal et al., 2006; Taddei, 2007).

1.2.4 The CRM pathway
Not all mRNAs are exported via the bulk mRNA export pathway mediated by TAP:P15.
Some mRNAs can utilize specialized pathways via the CRM1 (chromosome region
maintenance 1) nuclear pore receptor. CRM1, also known as Xpo1 (exportin-1) in yeast,
is a karyopherin (Hutten and Kehlenbach, 2007). CRM1 binds to cargos containing a
leucine-rich nuclear export signal (NES) in the presence of the GTP-bound form of the
GTPase protein Ran (Hutten and Kehlenbach, 2007). CRM1 can directly associate with
the FG repeats in the NPC, enabling it to transit through the nuclear pore with its cargo
(Kohler and Hurt, 2007). However, CRM1 is not an RNA-binding protein so it must use
an adaptor for the export of mRNAs. For example, HuR (human antigen R) is needed for
the export of CD83 (CLUSTER OF DIFFERENTIATION 83) mRNAs while eIF4E
(eukaryotic translation initiation factor 4E) is required for cyclin D1 mRNA export during
the CRM1 mediated mRNA export in humans (Brennan et al., 2000; Culjkovic et al.,
2006). Actually, eIF4E associates with all capped mRNAs in the cytoplasm but only with
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Figure 2. mRNA export and TREX-2.
A. During transcription initiation, SAGA is recruited as part of a large transcription
pre-initiation complex to the promoter of a gene. Subsequently, the activated gene
becomes tethered to the nuclear periphery via an interaction between SAGA and the
nuclear pore-bound TREX-2 complex. In yeast, the TREX-2 complex consists of the
subunits Sac3, Thp1, Sus1 and Cdc31. Transcription of the tethered gene generates a
nascent transcript that becomes assembled, with the aid of the THO/TREX complex, into
an export-competent mRNP. Sus1 is a functional component of both TREX-2 and SAGA.
The nucleoporin Nup1 is part of the TREX-2 docking site at the nuclear basket. Dotted
lines represent predicted interactions between the complexes. Red line represents mRNA.
Image is modified from Kolher et al. (2007).
B. TREX-2 components identified in Saccharomyces cerevisiae (yeast), Drosophila
melanogaster (fruit flies) and Homo sapiens (humans).
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specific mRNAs in the nucleus (Sonenberg and Hinnebusch, 2009). This subset of
mRNAs is exported to the cytoplasm in an eIF4E-dependent manner (Brennan et al.,
2000; Culjkovic et al., 2006).

1.2.5 mRNA export through NPC
The export receptor, together with the associated mature mRNP, docks at the NPC by
interacting with the FG repeats of FG-nucleoporins (Terry et al., 2007). FG-nucleoporins
are named based on the presence of distinct domains containing multiple repeats of the
amino acids phenylalanine (F) and glycine (G), separated by characteristic spacer
sequences (Alber et al., 2007). Approximately one third of the nucleoporins are
FG-nucleoporins that assemble into the nuclear basket, the cytoplasmic filaments and
throughout the NPC central channel (Alber et al., 2007; Solmaz et al., 2011). The binding
of receptors to the FG-nucleoporins is thought to mediate the movement of the mRNP
through the NPC by some type of facilitated diffusion mechanism (Weis, 2007).
Interestingly,

however,

a

subset

of

the

FG-nucleoporins

is

required

for

TAP-P15/Mex67-Mtr2-mediated mRNA export (Terry and Wente, 2007). Crucial
FG-nucleoporin binding sites for mRNA export are found on the nucleoplasmic face and
in the central channel of the NPC, while the FG-nucleoporins utilized by
TAP-P15/Mex67-Mtr2 are distinct from those used by karyopherins (Terry et al., 2007).
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Compared to yeast and humans, the mRNA export process is still not well understood in
plants. Homolog(s) of the nuclear export receptor TAP/Mex67 seem to be missing in
plant genomes except for a putative Arabidopsis homolog of the human P15 (Merkle,
2011). Some other aspects of the mRNA export machinery seem to be conserved. The
Arabidopsis homologs of the CBC subunits have been identified, named CBP80/ABH1
(ABA HYPERSENSITIVE 1) and CBP20, and found to be involved in splicing (Kmieciak
et al., 2002; Raczynska et al., 2010). Both cbp80 and cbp20 mutants showed drought
tolerant phenotypes and defects in abscisic acid (ABA) signaling (Hugouvieux et al.,
2001; Papp et al., 2004). Arabidopsis also has four homologs of ALY/REF proteins,
which are important to recruit TAP/P15 to the mRNP (Uhrig et al., 2004). LOS4 (LOW
EXPRESSION OF OSMOTICALLY RESPONSIVE 4) has been identified as the most
likely candidate for an Arabidopsis ortholog of the yeast Dbp5 (Gong et al., 2005). LOS4
is localized at the nuclear periphery and accumulation of poly(A) mRNA in the nucleus
has been observed in los4 mutants. The los4 mutants confer cold and freezing tolerance,
but result in increased sensitivity to heat stress (Gong et al., 2005). Mutations in several
nucleoporins also lead to accumulation of poly(A) mRNA in the nucleus, such as
AtTPR/AtNUA (Jacob et al., 2007), AtNUP160/SAR1 (Dong et al., 2006) and
AtNUP96/SAR3 (Parry et al., 2006).
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1.3 The TREX-2 complex
1.3.1 The yeast TREX-2 complex
As mentioned in section 1.2.3, the TREX-2 complex is another important component of
mRNA export machinery, which targets genes that are being transcribed (Fischer et al.,
2002; Gallardo et al., 2003; Chekanova et al., 2008). The TREX-2 complex, previously
known as the Sac3-Thp1-Sus1-Cdc31 complex in yeast, contains Sac3 (Suppressor of
Actin 3), Thp1 (Tho2/Hpr1 Phenotype 1), Sus1 (Sl gene Upstream of ySa1) and Cdc31
(Cell Division Cycle 31) (Fischer et al., 2002; Gallardo et al., 2003; Fischer et al., 2004;
Rodriguez-Navarro et al., 2004; Kohler and Hurt, 2007). TREX-2 is tethered to the inner
side of the NPC via Nup1 (Fig. 2A) (Davis and Fink, 1990).

1.3.2 Sac3 acts as the scaffold of TREX-2
Sac3 was first identified in a genetic screen of Yra1 interacting partners (Fischer et al.,
2002). It was proposed to be an mRNA export adaptor due to its genetic interaction with
the TREX complex and, at the same time, its ability to recruit the Mex67-Mtr2 export
receptor (Fischer et al., 2002; Lei et al., 2003). Furthermore, Sac3 is believed to be
involved in nuclear protein export and progression of mitosis (Bauer and Kolling, 1996;
Jones et al., 2000). Sac3 contains a conserved SAC3/GANP domain, which binds to both
Mex67-Mtr2 and Thp1, while the C-terminus is responsible for association with the NPC
via Nup1 (Fischer et al., 2002). The Sac3 CID (Cdc31 interaction domain) is an eight
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al., 2004). Deletion of the CID domain will abolish the association of Sus1 and Cdc31 in
TREX-2, preventing TREX-2 binding to NPCs, and causing a defect in poly(A)+ RNA
export (Fischer et al., 2004). Based on the crystal structure of the Sac3CID-Sus1-Cdc31
complex in yeast, the Sac3 CID domain forms a continuous α-helix that is encircled by a
Cdc31 and two Sus1 chains (Jani et al., 2009). Together with Sus1 and Cdc31, the Sac3
CID domain functions as a conserved α-helical scaffold that is targeted to NPCs and
required for TREX-2 function (Jani et al., 2009). The crystal structure of the
Sac3-Thp1-Sem1 segment of the yeast TREX-2 that interfaces with the gene expression
machinery has been reported recently (Ellisdon et al., 2012). Sac3-Thp1-Sem1 forms a
complex characterized by the juxtaposition of Sac3 and Thp1, forming a platform that
mediates nucleic acid binding.

1.3.3 Thp1 is a core component of TREX-2
Thp1 is another core component of TREX-2, as the Thp1-Sac3 interaction is an essential
requirement for mRNA binding and for the coupling of transcription and processing to
mRNP assembly and export (Fischer et al., 2002). Thp1 was first identified as a
hyperrecombination mutant in yeast and had been proposed to connect transcription
elongation with mitotic recombination (Gallardo and Aguilera, 2001). Deletion of Thp1
causes mRNA export and growth defects in yeast (Chekanova et al., 2008; Wilmes et al.,
2008).
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Sus1 and Cdc31, the other two small components in TREX-2, function synergistically to
promote the association of TREX-2 to NPC. Sus1 also interacts with SAGA, a large
complex involved in transcription initiation and chromatin remodeling by catalyzing
histone acetylation and deubiquitylation (Rodriguez-Navarro et al., 2004). In SAGA,
Sus1 interacts with Sgf11 and Sgf73 to activate the histone deubiquitinating protease
Ubp8, forming a heterotrimeric deubiquitylation module (Kohler et al., 2006; Shukla et
al., 2006; Kohler et al., 2008). Therefore, TREX-2 has been proposed to functionally
couple with the SAGA-dependent gene expression machinery on the inner side of the
NPCs (Pascual-García et al., 2008). Both SAGA and TREX-2 are required for the
dynamic repositioning of gene loci from the nucleoplasm to the nuclear periphery
(Akhtar and Gasser, 2007). Deletions of different components of SAGA, TREX-2 or
Nup1 abolish the targeting of genes to the nuclear periphery upon transcription (Cabal et
al., 2006). Mutations in Sgf73 were also found to affect the stability of TREX-2 (Kohler
et al., 2008). The physical link between SAGA and TREX-2 remains unclear; however,
their potential interaction is observed to be mediated by Sgf73 and Sus1
(Rodriguez-Navarro et al., 2004; Kohler et al., 2006).
Cdc31 is found in protein complexes in addition to TREX-2. Cdc31 binds the proteasome
and multiubiquitinated proteins through its C-terminus and participates in protein
degradation by interacting with Rad23/Rad4 (Chen and Madura, 2008). It is also a
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However, the mRNA export defect observed in Cdc31 mutant is not the result of SPB
duplication defect, but the disrupted interaction with Sac3 (Fischer et al., 2004).

1.3.5 Dss1/Sem1 stabilizes the TREX-2
Dss1, also known as Sem1 in yeast, is a small conserved acidic protein found in yeast,
animals and plants (Wilmes et al., 2008). Dss1 and its human homolog associate with a
wide range of conserved complexes, including the 19S proteasome lid, the COP9
signalosome (CSN), translation initiation factor 3 (eIF3) and integrator complexes and
influence their stability (Fischer et al., 2002; Wilmes et al., 2008; Faza et al., 2009; Jani et
al., 2009). Dss1 was recently reported to be a cofactor of TREX-2 (Faza et al., 2009).
Dss1 was also demonstrated to bind to Thp1 and act as a stabilizer of TREX-2 (Ellisdon
et al., 2012).

1.3.6 TREX-2 in other organisms
TREX-2 homologs have been reported in yeast (Fischer et al., 2002), fruit flies
(Kopytova et al., 2010) and humans (Jani et al., 2012). Unlike yeast, the human Sac3
ortholog GANP acts synergistically with CEN2 (centrin-2) and ENY2 (enhancer of
yellow 2) to accumulate mature mRNPs at the NPC without tethering genes that are being
actively transcribed (Wickramasinghe et al., 2010a). In fruit flies, TREX-2 orthologs have
been identified and demonstrated to promote the association of TREX/THO with nascent
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1.3.7 Gene gating
The “gene gating” hypothesis, which states that every gene is physically associated with a
NPC, has been proposed for a long time (Blobel, 1985). It is now widely accepted that the
transcriptional and mRNA export machineries are associated with the NPC and are
integrated at different steps in gene expression (Brown and Silver, 2007). It was found
that while Sac3, Sus1 and Cdc31 play important roles in this process (Fischer et al., 2004;
Rodriguez-Navarro et al., 2004; Cabal et al., 2006), Nup1 might be another crucial
component as it is required to dock the TREX-2 on the inner basket of NPCs (Davis and
Fink, 1990).

1.4 The 26S proteasome
1.4.1 Structure of 26S proteasome
The 26S proteasome is a conserved mega-complex found in all eukaryotes that is
responsible for degrading ubiquitin-associated proteins by an ATP dependent process
(Vierstra, 2009). The proteasome is composed of two subcomplexes, a 20S core particle
(CP) where proteolysis takes place and a 19S regulatory particle (RP) that prepares the
substrates for entry into the CP (Fig. 3). The 20S CP is a cylinder consisting of four
stacked heptameric rings forming a sequestered proteolytic chamber. The 19S RP is
divided into a base sub-particle and a lid sub-particle, which contains eight subunits
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Figure 3. Structure of the 26S proteasome.
Cross section view of the 26S proteasome with specific subcomplexes indicated.

- 23 -

Figure 3. Structure of the 26S proteasome

- 24 -

(Rpn3, Rpn5, Rpn6, Rpn7, Rpn8, Rpn9, Rpn11 and Rpn12). The lid complex shares high
similarity with the CSN, a conserved protein complex that also contains eight distinct
subunits and functions in the ubiquitin-proteasome pathway (Holzl et al., 2000; Fu et al.,
2001; Vierstra, 2009).

1.4.2 The 26S proteasome and transcription regulation
The 26S proteasome, which was once thought to function exclusively in
ubiquitin-mediated protein degradation, is now recognized as a multifunction mediator
that is involved in many essential cellular processes (DeMartino and Gillette, 2007;
Hanna and Finley, 2007). The 26S proteasome interacts with different proteins, leading to
changes in their activity, stability, localization and more (DeMartino and Gillette, 2007).
The 26S proteasome can regulate transcription by changing the location of proteins. For
example, in yeast, transcription factors Spt23 and Mga2 are anchored in the ER
membrane after synthesis, where they remain inactive. The C-terminus of these proteins
has to be degraded by the 26S proteasome before the remaining N-terminal region can be
released to activate target gene expression (Hoppe et al., 2000). The 26S proteasome can
also degrade transcriptional activators to control the timing of transcription. The yeast
activator Gcn4 is polyubiquitinated during transcription and then degraded by the 26S
proteasome (Chi et al., 2001). Transcriptional termination can also be regulated by the
26S proteasome because it is present at the 3’-end of genes that are being actively
transcribed, and chemical inhibition of proteasome-mediated proteolysis causes an
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1.4.3 The 26S proteasome and mRNA export
Several studies have reported involvement of the 26S proteasome in NPC function and
mRNA export (Faza et al., 2009; Qin et al., 2009; Hayakawa et al., 2012). The regulation
of NPC functions can be mediated by posttranslational modifications of nucleoporins. It
has been shown that more than half of NPC proteins are conjugated to ubiquitin
(Hayakawa et al., 2012). Changing the ubiquitylation status of Nup159 can affect its
ability to target the NPC, leading to defects in nuclear segregation at the onset of mitosis
(Hayakawa et al., 2012). Dss1, a subunit of the 19S RP lid, was identified as a functional
subunit of TREX-2 (Faza et al., 2009). Dss1 mutants are defective in mRNA export,
transcriptional elongation and the NPC-targeting of Thp1 (Faza et al., 2009). Dss1 and its
binding partner, Ubp6, are also involved in controlling telomere silencing by modulating
histone H2B ubiquitination and H3 acetylation (Qin et al., 2009). It is possible that Dss1
links the TREX-2 complex to histone H2B ubiquitylation, or that Dss1 can function in
mRNA export independent of the 19S RP. Another possible mechanism for proteasomal
control of mRNA export may be indirect, by regulating the SAGA complex.

1.4.4 The Arabidopsis 26S proteasome
In Arabidopsis, the composition of the 26S proteasome has been analyzed and many of
the subunits are found to be encoded by two loci (Yang et al., 2004). The roles of
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intensive investigation (Yang et al., 2004; Huang et al., 2006; Vierstra, 2009; Book et al.,
2010).

1.5 Identification of the essp1 mutant
In the past few years, a genetic screen for Arabidopsis mutants that exhibit ectopic
expression of seed storage protein genes, has been conducted using a soybean
β-conglycinin gene promoter-GUS transgene (ProβCG:GUS) reporter system (Tang et al.,
2008). β-conglycinin (also referred to as 7S globulins) is a major seed storage protein in
soybean (Shewry et al., 1995). The β-conglycinin gene promoter has been previously
shown to direct seed-specific reporter gene expression in transgenic tobacco (Lessard et
al., 1993) and Arabidopsis (Hirai et al., 1994). As ProβCG:GUS has a seed-specific
expression pattern in wild-type plants, GUS is not detectable in vegetative tissues (Fig. 4)
(Tang et al., 2008). Seeds from the homozygous ProβCG:GUS line were mutagenized with
ethyl methanesulfonate (EMS), and M2 plants were screened for mutants with altered
GUS expression patterns, especially those exhibiting a clear ectopic GUS expression in
different vegetative tissues (Fig. 4). Several mutants have been identified through this
approach, which were designated essp (ectopic expression of seed storage protein). One
of the mutants, designated essp1 was characterized in this study. Evidence indicated that
essp1 might be an Arabidopsis homolog of yeast Thp1, a key components of the TREX-2
complex.
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Figure 4. Identification of essp mutants.
Homozygous ProβCG:GUS seeds were mutagenized with ethyl methanesulfonate (EMS).
essp mutants were identified in M2 plants by GUS staining.
Upper panel: Histochemical analysis of GUS expression in a representative ProβCG:GUS
transgenic embryo and 14-day-old seedling grown on MS agar. Blue GUS staining
present in the cotyledon of the seed (left) but not in vegetative tissues (right), indicats the
seed-specific expression of GUS. Scale bar = 2 mm.
Lower panel: Histochemical analysis of GUS expression in different essp mutants. Scale
bar = 2 mm.
Image is modified from Tang et al., (2008).
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1.6 Research objectives
It was hypothesized that: 1) A protein complex similar to yeast TREX-2 exists in
Arabidopsis. 2) Arabidopsis TREX-2 is part of the mRNA export machinery. To test these
hypotheses, the following specific objectives were addressed:
1. To identify the physical interactions among different components of the Arabidopsis
TREX-2 complex
2. To identify the genetic interactions among different components of TREX-2
3. To confirm the involvement of the putative Arabidopsis TREX-2 in mRNA export
4. To purify the putative Arabidopsis TREX-2 complex and associated components
5. To characterize some of the TREX-2 components
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Chapter 2. MATERIALS AND METHODS
2.1 Plant materials and techniques
2.1.1 Plant materials
Seeds for Arabidopsis thaliana wild-type Columbia, Landsberg erecta and T-DNA lines
(Appendix I) were obtained from either the Arabidopsis Biological Resource Center
(ABRC), the European Arabidopsis Stock Centre (NASC) or Agriculture and Agri-Food
Canada, Saskatoon. Nicotiana benthamiana and Nicotiana tabacum were obtained from
Agriculture and Agri-Food Canada, London, Ontario.
Arabidopsis-related techniques such as growth, handling, transformation and crossing are
following standard Arabidopsis protocols (Salinas and Sanchez-Serrano, 2006) unless
stated otherwise.

2.1.2 Plant growth
For plants grown in the growth room or chamber, seeds were treated at 4˚C in the dark for
3 d before sowing onto pots containing ProMix-BX (Premier Horticulture, Québec).
Plants were grown for 16 h in the light at 22˚C and then 8 h in the dark at 18˚C and
watered as needed. For Murashige and Skoog (MS) medium (1X MS salts, 0.5 g L-1
2-N-morpholino-ethanesulfonic acid (MES), 3% sucrose, 0.8% agar, pH 5.8), seeds were
first surface-sterilized by gentle shaking for 5 min in 70% ethanol, followed by 15 min in
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milli-Q water, the seeds were sown on MS medium in Petri dishes, with or without
additives (such as antibiotics, plant growth regulators, chemicals, see section 2.1.4 and
2.2.1 for details). Plates were sealed with parafilm and kept in a 4˚C cold room in the
dark for 3 d before transferring to the tissue culture room.
N. benthamiana and N. tabacum plants were grown in pots containing ProMix-BX. The
growth conditions were the same as those for Arabidopsis plants.

2.1.3 Crossing of Arabidopsis
Arabidopsis plants were grown in the growth room until they started to set flowers. First,
plants were taken out of the growth room to remove the already opened/old flowers from
the inflorescence. Then, flower buds with barely visible white petals, were used as pollen
recipients. All of the floral organs except for the carpel were carefully removed, using a
Dumont Arabidopsis Crossing Tweezers. The plants were then placed back in the growth
room for recovery. Care was taken to isolate the exposed carpel from other plants to
avoid contamination. The following morning, mature pollen were collected from the
donor plant and placed on the stigma of the exposed carpel. Pollination was repeated at
least twice to ensure success. The crossed inflorescence was labeled and siliques were
allowed to mature and dry out before seeds were collected.
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Arabidopsis plants were grown in the growth room until they started setting flowers.
Already opened/old flowers were carefully removed from the inflorescence. Transformed
Agrobacterium tumefaciens strain GV3101 (Koncz and Schell, 1986) (Appendix II) was
grown to stationary phase in liquid culture at 28˚C, 250 rpm in sterilized LB medium (1%
bacto-tryptone, 0.5% bacto-yeast extract, 0.5% NaCl) medium with appropriate
antibiotics. Cells were harvested by centrifugation at 5,500 g, for 20 min at room
temperature (RT) and re-suspended in infiltration medium (5% sucrose containing 0.05%
Silwet L-77) to a final OD600 of approximately 0.8 to 1.0. The Arabidopsis plants were
inverted into the Agrobacterium suspension in a beaker such that all inflorescences were
submerged for 5 to 10 s with gentle agitation. The dipped plants were then removed from
the beaker, laid on their sides in plastic trays, and covered with black plastic bags to
maintain the humidity and avoid exposure to light. These trays were placed in the growth
room for 3 d before removing the cover. Plants were grown in the growth room for a
further 3 to 5 weeks until siliques became brown and dry. Seeds were collected from
individual plants. Transformants were selected either on MS medium containing the
appropriate selection marker (for kanamycin-, hygromycin- or glufosinate ammonium
(BASTA)-resistant transgenic lines) or in soil by spraying the young seedlings with 0.2%
BASTA solution (for BASTA resistant transgenic lines).
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DNA extraction from plant tissue was performed as described (Tang et al., 2008). Plant
tissue was collected in 2.0 mL Eppendorf tubes containing copper beads and quickly
frozen by dipping the tubes into liquid nitrogen. These tubes were then transferred to
pre-chilled shaker blocks to grind the tissues by shaking on a shaker for 1 min at a
frequency of 30 shakes per s. For DNA extraction, 0.5 mL of extraction buffer [10 mM
Tris-HCl, 1.4 M NaCl, 20 mM ethylenediaminetetraacetic acid (EDTA), 2%
cetyltrimethyl-ammonium bromide (CTAB)] was added to each tube and vortexed for
15 s. Then 0.5 mL of chloroform was added and mixed well, followed by a centrifugation
at 5,000 rpm for 5 min. The top aqueous phase was carefully transferred to a fresh tube
and 0.7 volume of isopropanol was added. Tubes were kept at -20˚C for 1 h before
spinning at 10,000 g for 15 min to collect the pellets. After two washes with 70% ethanol,
the pellet was dissolved in 50 μL of milli-Q water.

2.1.6 Polymerase chain reaction based genotyping
All the T-DNA lines obtained were genotyped by polymerase chain reaction (PCR). Only
homozygous plants were used for further analysis, except for the homozygous lethal lines.
To detect the wild-type and/or mutant alleles, the genotypes of different T-DNA alleles
were confirmed by PCR with allele-specific and T-DNA left border-specific primers
(listed in Appendix V). All of the transgenic plants were examined by PCR, to confirm
the integration of the transgene, using one gene-specific and one vector-specific primer.
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samples, was used as a template. PCR conditions are described in section 2.2.6.

2.1.7 RT-PCR and real time PCR
mRNA expression levels of target genes were determined in T-DNA and mutant lines by
Quantitative real time PCR (RT-PCR) using the primers listed in Appendix IV. Total RNA
was extracted from leaves or siliques using the RNeasy Plant Mini Kit (Qiagen) or
TRIzol (Invitrogen) and treated with DNase I following the manufacturer's instructions.
Typically, reverse transcription of 5 μg RNA in a 20 µL reaction was performed, using the
Superscript First Strand Synthesis Kit (Invitrogen), and 1.5 µL cDNA was used for PCR.
RT-PCR was carried out and analyzed with the LightCycler real time PCR system (Roche)
following the manufacturer’s instructions. The expression of ACTIN 2 was used as an
internal control.

2.1.8 Histochemical GUS assay
Two-week old seedlings or leaves were immersed in GUS staining solution (0.5 mg mL-1
5-bromo-4-chloro-3-indolyl-glucuronide, 20% methanol, 10 mM Tris-HCl, pH 7.0)
(Jefferson et al., 1987), and then placed under vacuum for 15 min. After an overnight
incubation at 37˚C, the staining solution was removed, and samples were cleared by
sequential changes of 75% and 95% ethanol. The samples were examined with a Zeiss
Axioscop 2 microscope.
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To quantitatively measure pollen germination efficiency, 2 mL of the germination
medium (Fan et al., 2001), containing 5 mM MES (pH 5.8 adjusted with Tris), 1 mM KCl,
10 mM CaCl2, 0.8 mM MgSO4, 1.5 mM boric acid, 16.6% sucrose, 3.65% sorbitol,
10 μg ml−1 myo-inositol and 1% agar, was poured into a 35 mm Petri dish to form a thin
layer. Freshly anther-dehisced flowers, at stage 13 or 14 (Smyth et al., 1990), were
randomly picked and carefully brushed on the agar plate to spread the pollen grains. The
Petri dishes were incubated in a humid chamber at 26 ºC for 8 h without light before
counting the pollen germination. For each treatment, three plates were used and more
than 400 pollen grains per plate were counted using a Zeiss Axioscop 2 microscope.

2.1.10 Pollen tube staining
After being manually crossed with the desired pollen as described in 2.1.3, pistils were
collected at different time intervals (4, 8, 16, 24 h) and immediately submerged in 1 mL
fixation solution (glacial acetic acid: ethanol, 1:3) with gentle shaking. After the pistils
were completely cleared of chlorophyll, they were rehydrated by exchanging the fixative
for 1 mL of 70% ethanol and incubated for 10 min. This step was repeated with 50%,
30% ethanol and then water. The tissue was softened by soaking the pistils in 8 M NaOH
overnight. After three washes with water, the samples were stained in decolorized aniline
blue solution (DABS) for 2 h in the dark. Once completely stained, each sample was
mounted on a slide with extra DABS, covered with a cover slip, and observed under a
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collected using either the 4',6-diamidino-2-phenylindol (DAPI) setting or 420 nm.

2.1.11 Ethylene response assay
An ethylene response assay was performed as previously described (Christians et al.,
2008). To test the ethylene response phenotypes, mutant and wild-type seeds were grown
on 0.8% agar plates containing half-strength MS and 3% sucrose supplemented with or
without 50 μM 1-aminocyclopropane-1-carboxylic acid (ACC) at pH 5.7. The plates were
kept for 3 d at 4 ºC then transferred to 22 ºC for 4 d in the dark. The growth of the
seedlings was examined 14 d after germination.

2.1.12 Bi-molecular fluorescence complementation assay
New bi-molecular fluorescence complementation (BiFC) vectors pEarleygate201-YN and
pEarleygate202-YC were created based on the Gateway compatible vectors
pEarleygate201 and pEarleygate202 (Earley et al., 2006), respectively. The DNA
fragments encoding the N- (amino acid 1-174) and C-terminus (amino acid 175-239) of
YFP from vector pEarleygate101 were PCR-amplified with primers listed in
Appendix III and cloned into the TA cloning vector pGEM T-easy. The two YFP
fragments were then removed by restriction digest and subcloned at AvrII site into
pEarleygate201 and pEarleygate202, respectively. For infiltration of epidermal
N. benthemiana cells, transformed Agrobacterium strain GV3101, containing vectors

- 37 expressing proteins fused to either N- or C-terminal YFP, was grown overnight to an
optical density of 0.6 to 1.0 at OD600. An equal volume of each culture was used for
infiltrating the leaves as previously described (Sparkes et al., 2006; Tian et al., 2011). The
YFP signal was imaged with a Leica TCS SP2 laser confocal microscope using YFP
setting 2-3 d post infiltration. For protein pairs showing the YFP signal in the nuclei, the
YFP signal and bright-field were imaged and overlaid. For those showing YFP signal in
both the nucleus and cytoplasm, only the YFP signal was imaged.

2.1.13 mRNA export assay
The accumulation of mRNA in the wild-type (Col) and mutant nuclei were assayed by
in situ hybridization, using oligo(dT)50 as a probe, following the protocol described by
Gong et al. (2005) with minor modifications. Leaves from 10-day-old seedlings grown on
MS agar plates were fixed in 5 mL fixation buffer [120 mM NaCl, 7 mM Na2HPO4,
3 mM NaH2PO4, 2.7 mM KCl, 80 mM ethylene glycol tetraacetic acid (EGTA), 0.1%
Tween 20, 10% dimethyl sulfoxide (DMSO) and 5% formaldehyde] under vacuum for
10 min, followed by adding equal volume of heptane and gentle shaking for 20 min. After
2-5 min washes in methanol and then 3-5 min washes in absolute ethanol, samples were
incubated in ethanol-xylene (1:1 ratio) solution for 30 min. Leaves were then sequentially
washed two times, 5 min each with ethanol, then once with methanol and once with
methanol:fixation buffer (1:1 ratio) without formaldehyde before being incubated in
fixation buffer for an additional 30 min. Samples were then soaked for 5 min with
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subjected to blocking for 1-2 h at 50˚C. For hybridization, oligo(dT)50 with 5’
6-fluorescein tag was added to a final concentration of 0.5 µg mL-1 and incubated for
more than 8 h at 50˚C in the dark. The leaves were then washed with 2x saline-sodium
citrate (SSC) buffer, 0.1% SDS for 30 min and 0.2x SSC, 0.1% SDS for 20 min at 50˚C.
The fluorescein signal was captured using a Leica TCS SP2 confocal microscope with an
argon excitation laser set to 514 nm and the fluorescein isothiocyanate filter. Each
experiment was repeated at least twice.

2.2 General molecular biology techniques
General lab techniques and molecular techniques followed those in Molecular Cloning: A
Laboratory Manual (Sambrook and Russell, 2006) unless otherwise stated.

2.2.1 Bacterial strains, culture and storage
For DNA plasmid propagation and isolation, Escherichia coli DH5α or DH10B was used
(Appendix II). For plant transformation, Agrobacterium tumefaciens GV3101 was
employed. Depending on the plasmids’ selectable markers, transformed cells were
cultured in LB liquid or agar media containing the corresponding antibiotic(s) at these
concentrations: 100 μg mL-1 of ampicillin, 50 μg mL-1 of kanamycin, 30 μg mL-1 of
rifampicin and 25 μg mL-1 gentamicin. For short-term storage (1 or 2 months), bacteria
were kept on plates at 4ºC. For long-term storage, bacteria were grown overnight in
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200 μL of 50% glycerol and immediately placed in the -80 ºC freezer.

2.2.2 Preparation of competent cells
E. coli and Agrobacterium competent cells for electroporation were prepared as
recommended in the Bio-Rad E. coli Pulser (Bio-Rad) manual. One liter of culture was
incubated until a reading of 0.6 at OD600 was reached. The culture was centrifuged at
2,800 g for 15 min and the pellet was washed with 500 mL of 10% ice-cold sterile
glycerol. The wash was repeated 4 times, each time the pellet was resuspended in a
reduced volume. The last pellet was resuspended in 4 ml of ice-cold, sterile 10% glycerol.
The cells were aliquoted into 0.5 mL Eppendorf tubes to a volume of 30 μL, and were
quickly placed in the -80 ºC freezer for long-term storage.

2.2.3 Bacterial transformation
All bacterial transformations were carried out by the electroporation method as
recommended in the Bio-Rad E. coli Pulser (Bio-Rad) manual. The plasmids, BP/LR
reaction products or ligation products were added to competent cells and the cell mixtures
were transferred to pre-chilled 0.1 cm Gene Pulser® cuvettes (Bio-Rad). The cuvettes
were incubated for 10 min on ice and exposed to a shock using a Bio-Rad MicroPulser
set at 1.8 kV. Immediately after the electroporation, 200 µL of liquid LB medium was
added to each cuvette and the contents were transferred to a new 1.5 mL tube. For E. coli,
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spread on a LB plate with appropriate antibiotics. The plate was incubated at 37˚C
overnight to obtain single colonies. Plasmids were isolated from the single colonies and
subjected to PCR and sequencing to identify transformants to ensure the sequence
identity and error-free cloning. For Agrobacterium, all culturing was at 28˚C.

2.2.4 Plasmid DNA preparation
Single colonies were used to inoculate 3 mL LB with appropriate antibiotics and grown
overnight at 37 ºC. Cells were collected by centrifugation and the pellet was resuspended
in 300 μL of solution I [50 mM Tris-HCl (pH 7.6), 10 mM EDTA, 100 μg mL-1 RNase A].
After vortexing for 10 s, 300 μL of solution II (2% SDS, 0.4 M NaOH) was added and
mixed by inverting the tubes. These tubes were then incubated at RT for 5 min before
adding 300 μL of solution III (1.32 M potassium acetate (pH 4.8). The mixture was
placed on ice for 10 m, followed by a 10-m centrifugation. The supernatant was
transferred to a new tube and to precipitate the DNA, 0.7 volumes of isopropanol were
added and the mixture was stored at -20˚C for 20 min. After centrifugation, the pellet was
washed twice with 70% ethanol and resuspended in 50 μL milli-Q water.

2.2.5 DNA gel electrophoresis and DNA fragment isolation
Plasmid DNA and DNA fragments were separated on 0.8-1% agarose gels prepared with
1x Tris-acetate-EDTA (TAE) buffer (40 mM Tris-acetate, 2 mM EDTA) and 0.5 μg mL-1
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desired migration distance was attained. Gels were viewed using a UV trans-illuminator.
DNA fragment was isolated from the gel using the QIAquick Gel Extraction Kit (Qiagen)
according to the manufacturer’s manual.

2.2.6 PCR
PCR was performed to amplify DNA fragments for cloning, genotyping and other
analysis. PCR mixtures were created according to the manufacturer’s instructions. For
cloning purposes, Phusion™ High-Fidelity DNA Polymerase (Fermentas) was employed
to reduce the error rate. For genotyping and other analysis, regular Taq DNA Polymerase
(Invitrogen) was used.
Applied Biosystems GeneAmp 9700 or 2720 PCR systems were used for carrying out
various amplifications. According to the program guideline, a denaturing temperature of
94˚C for 1 min was followed by an annealing temperature of 55˚C for 30 s, and primer
extension was achieved at 72˚C for 1 min per kb of target DNA to be amplified. These
three steps were repeated for a total of 30 to 35 cycles, followed by a final extension for
5 min. The PCR product was immediately used or stored at -20˚C for future analysis.

2.2.7 Gateway-based cloning
Gateway cloning technology employs in vitro site-directed recombination to insert a
DNA fragment of interest into a donor vector, thereby creating an entry vector containing
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2002). The DNA fragment can be subsequently directionally subcloned into various
destination vectors to obtain expression vectors that are ready to be used in the
appropriate host. To construct the entry clones, specific Gateway PCR primers
(Appendix III) were designed by following the manufacturer’s guide. DNA fragments
were amplified using either Arabidopsis wild-type (Col) cDNA or genomic DNA as a
template. Phusion™ High-Fidelity DNA Polymerase was employed during the
amplifications, as instructed by the manufacturer’s guide, to reduce the error rate. The
PCR product was separated on 0.8% agarose gel and then purified using the QIAquick
Gel Extraction Kit. BP reaction containing 1.8 µL of purified PCR product, 0.2 µL
pDONR221 vector (200 ng µL-1) and 0.5 µL 5x BP Clonase® enzyme mixtures
(Invitrogen) were set up and incubated overnight at 25 oC. One microliter of each BP
reaction product was then transferred to 30 µL of E. coli DH5α competent cells
(described in section 2.2.3).
In an LR reaction, the entry clones were first linearized by digestion using a restriction
enzyme that had a recognition site within the backbone of pDONR221, but not within the
cloned DNA fragment. The restriction fragments were then size separated and purified.
LR reactions containing 1 µL linearized entry clone, 1 µL destination vector (100 ng µL-1)
and 0.5 µL 5x LR Clonase® enzyme mixtures (Invitrogen) were set up and incubated
overnight at 25˚C. One microliter of the LR product was transferred into DH5α (section
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2.2.8 DNA sequencing
DNA sequencing was performed by the DNA sequencing laboratory at the Southern Crop
Protection and Food Research Center, Agriculture and Agri-Food Canada, London,
Ontario.

2.3 Yeast-related techniques
2.3.1 Yeast strains and cell culture
The yeast strains used in this study are listed in Appendix II. Yeast cells were grown at
30˚C in either rich YPD (1% bacto-yeast extract, 2% bacto-peptone and 2% glucose) or
in a synthetic dextrose (SD) medium (0.67% bacto-yeast nitrogen base without amino
acids, 2% glucose) supplemented with necessary nutrients. To make YPD or SD plates,
2% agar was added to the medium prior to autoclaving. Yeast cells were stored on plates
sealed with Parafilm at 4˚C for up to four months. For long-term storage, yeast cells were
grown in an appropriate liquid medium at 30˚C overnight, then 0.6 mL of the culture was
added to 0.4 mL of 50% sterile glycerol and stored at -80˚C.

2.3.2 Yeast transformation
Yeast cells were transformed by following the Yeast Protocols Handbook in the Clontech
yeast-two-hybrid (Y2H) kit (Clontech). A 2-mL yeast culture was grown overnight at
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of fresh YPD and grown for another 3-4 h until the cells reached a mid-logarithmic
growth phase. Yeast cells were pelleted by centrifugation, washed in 400 μL lithium
acetate (LiAc) solution (0.1 M LiAc, 10 mM Tris-HCl (PH 8.0), 1 mM EDTA), and
resuspended in 100 μL of the same solution. Five microliters of denatured carrier DNA
and 5 μL of transforming DNA were added and mixed well. After incubation at RT for
5 min, 280 μL of 50% PEG4000 (50% polyethylene glycol 4000) in LiAc solution was
added and mixed by inverting the tube 4-6 times. After the transformation mixture was
incubated at 30 ºC for 30 m, 40 μL of DMSO was added, followed by a 5 min heat shock
in a 42˚C water bath. Yeast cells were then washed and resuspended in 100 μL of 0.7%
NaCl. The resuspended cells were plated on an appropriate supplemented SD medium
and the plates were incubated at 30˚C for 3 d to allow colony formation.

2.3.3 Yeast-Two-Hybrid library screening
Two-week-old Arabidopsis wild-type (Col) leaves, from plants growing on MS agar
plates, were used for cDNA library construction. The ESSP1/AtTHP1 coding sequence
was amplified and cloned into the Y2H bait vector pGBKT7 (Clontech) and its sequence
identity was confirmed by sequencing. For the self-activation test, a test to determine
whether baits activate transcription by themselves, leaf cDNA library construction and
Y2H screening were performed according to Clontech protocols PT3024-1 and PT3529-1.
For co-transformation of the bait construct and prey vector harboring the cDNA library,
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method (section 2.3.2). After transformation, cells were spread on SD -Trp/-Leu/-His agar
plates, and incubated at 30˚C for 5 d. Colonies grown on the SD -Trp/-Leu/-His plates
were analyzed as per the manufacturer’s protocol (Clontech).

2.3.4 Directed Y2H assay
For a directed Y2H assay, two gateway-compatible vectors pGBKT7-DEST (bait) and
pGADT7-DEST (prey) were constructed by modifying the pGKBT7 and pGADT7-Rec
vectors, respectively. The attR1-attR2 cassette from pEarleygate101 (Earley et al., 2006)
was PCR-amplified and cloned into the pGEM T-easy vector (Promega) followed by
sequence confirmation. The plasmid was digested with NdeI and XhoI, and the
attR1-attR2 cassette was ligated into pGBKT7, digested with NdeI and SalI, and
pGADT7-Rec, digested with NdeI and XhoI, respectively. A series of 5 μL of diluted
AH109 culture, co-transformed with bait and prey constructs, were spotted on the
minimal SD medium supplemented with -Trp/-Leu and -Trp/-Leu/-His/-Ade dropout
powder. Plates were incubated at 23˚C or 30˚C for up to 5 d. For negative controls, the
empty pGBKT7, pGADT7-Rec vectors were used. For positive controls, the Marine p53
and SV40 large T provided in the Y2H kit were used.

2.4 Protein extraction and affinity purification
2.4.1 Protein purification
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some modifications. Fourteen-day-old seedlings were collected from MS plates. Whole
seedlings or roots were frozen in liquid nitrogen and then homogenized, with a mortar
and pestle, to a fine powder. For total soluble protein extraction, the homogenized tissues
were transferred into a tube with pre-chilled protein extraction buffer [50 mM Tris-HCl
(pH 8.0); 200 mM NaCl; 5 mM EDTA; 10 mM dithiothreitol (DTT); 1x Protease
inhibitor cocktail (Sigma P8340)]. Cell extracts were centrifuged at 14,000 g at 4˚C for
15 min and the supernatant transferred into another fresh tube and centrifuged again for
5 min. The protein samples were aliquoted into small volumes (1.0, 0.5 and 0.1 mL) and
stored at -80˚C for future use. For nuclear protein extraction, homogenized tissues were
transferred into a beaker containing pre-chilled nuclear incubation buffer (NIB)
containing 20 mM Tris-HCl (pH7.5), 0.5 mM EDTA, 0.5 mM EGTA, 0.15 mM
spermidine, 1 mM DTT, 40% glycerol, 0.1% Triton X-100, and 1x Protease inhibitor
cocktail (Sigma P8340). After 20 min of gentle shaking, cell extracts were passed through
three layers of nylon mesh with pore sizes (starting with the top layer) 200 µm, 100 µm
and 64 µm. To collect the nuclei, the extracts were then centrifuged at 1,000 g at 4˚C. The
pellets were washed three times with NIB without Triton X-100 and DTT. The nuclei
samples were either used directly or aliquoted into small volumes (100 µL) and stored at
-80˚C for future use. To extract the nuclear protein, the nuclei were resuspended in the
same volume of nuclear lysis buffer (NIB with 1.5% SDS or 0.4% NP-40) followed by
centrifugation at 10,000 g at 4˚C for 15 min. The supernatant was transferred into fresh
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protein concentration was detected by the Bradford Assay (Bradford, 1976).
For samples that were prepared for purification purposes, DTT was eliminated from the
NIB and SDS was replaced by NP-40 in the lysis buffer as they are not compatible with
the antibody beads used for purification.

2.4.2 Affinity purification
For affinity purification, the samples were crosslinked by submerging in 1%
formaldehyde under vacuum for 10 min. Glycine was then added to a final concentration
of 125 mM to quench crosslinking. The samples were blotted using paper towel and
immediately frozen in liquid nitrogen. Following the protein extraction as described in
section 2.4.1, protein extracts were incubated with EZview™ Red Anti-HA affinity beads
(Sigma) or ANTI-FLAG M2 affinity resin (Sigma) for 1 h to overnight in separate trials,
corresponding to different tags in the transgenic plants. After three washes with washing
buffer [25 mM Tris-HCl, 550 mM NaCl, 0.4% NP-40, 10% glycerol, 1 mM
phenylmethanesulfonyl fluoride (PMSF)], the proteins were eluted with either HA
(human influenza hemagglutinin) or FLAG (flagellin) peptide (100 µg mL-1 in PBS
buffer), or pH 2.5 glycine/HCl. The eluted proteins were immediately subjected to either
further analysis or long term storage at -80 ºC for future use.
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Proteins were visualized using SDS polyacrylamide gel electrophoresis (SDS-PAGE). In
general, samples were prepared by adding 2x protein sample buffer (125 mM Tris pH 6.8,
4% SDS, 10% glycerol, 0.006% bromophenol blue, 1.8% β-mercaptoethanol) to the
protein solution. The samples were placed in boiling water for 5 m, cooled, and then
loaded onto a polyacrylamide gel. Usually 8% discontinuous (5% stacking, 8% separating)
Tris-glycine polyacrylamide (37:1 acrylamide:bisacrylamide) gels were used. For
Coomassie Blue staining (http://www.bmsl.uwo.ca/polyacrylamide_gel_staining.pdf),
gels were gently shaken in staining solution (0.025% Coomassie Brilliant Blue R250,
40% methanol, 5% acetic acid) for at least 2 h, followed by an incubation in a destain
solution (40% methanol, 10% acetic acid) until protein bands could be visualized. For
silver staining (http://www.bmsl.uwo.ca/polyacrylamide_gel_staining.pdf), gels were
fixed in 50% methanol and 5% acetic acid for 20 m, followed by two 10 min washes, first
with 50% methanol then water. Gels were then incubated in 0.02% sodium thiosulfate for
10 min. After three washes with water, silver staining was achieved by submerging the
gels into chilled 0.1% silver nitrate solution and agitated at 4˚C for 20 min. After washing,
gels were developed in 0.04% formalin with 2% sodium carbonate until brown protein
bands were observed. The reaction was stopped by soaking the gels in 1% acetic acid and
stored in 5% acetic acid until analyzed.
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The immunoblot analysis was performed to detect the expressed HA- or FLAG-tagged
proteins as described previously (Tang et al., 2008). Briefly, 15 µg of nuclear or total
proteins were fractionated by SDS-PAGE. Following SDS-PAGE, the resolving gel,
along with equal-sized polyvinylidene difluoride (PVDF) membranes and 3MTM filter
papers, were equilibrated in transfer buffer for 20 min. The components for transfering
were assembled as described in the manual for the Bio-Rad trans-blot semi-dry transfer
cell. The transfer was performed at a constant current of 1 mA per cm2 for 12 h.
Membranes were then incubated in a blocking solution overnight at 4˚C. Primary
monoclonal antibodies against HA or FLAG were diluted at 1:4000 in 10 mL phosphate
buffered saline (PBS) with 0.1% Tween 20 (PBST) and used to incubate the membranes
for 1 h at RT with gentle shaking. After three 15-m washes with PBST, the membranes
were incubated with horseradish peroxidase-conjugated secondary antibody, diluted at
1:10000 in 10 mL PBST. To prepare for the detection, membranes were subjected to three
15-min washes with PBST followed by 2 rinses with PBS. Enhanced chemiluminescence
(ECL) reagents (Amersham) were used as a substrate for the visualization of horseradish
peroxidase-conjugated secondary antibody.

2.5 Statistical analysis
Simple univariate statistics (means, standard deviations) were computed using
Excel 2007 (Microsoft Corp., Redmond, Washington). The statistical analyses were
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samples t-test was used to calculate the significance of differences between two data sets.
The chi-square test was used to determine if the observed data are in agreement with
predicted data based on genetic explanation. A p-value of 0.05 or less indicated
statistically significant differences.
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Chapter 3. RESULTS
3.1 Characterization of essp1 mutant and mapping
3.1.1 Phenotypes of essp1
As mentioned in section 1.5, several essp mutants were identified by their altered GUS
expression pattern. One of the mutants, designated essp1, was characterized and exhibited
an interesting ectopic GUS expression pattern. GUS expression was detected primarily
along the leaf margins (Fig. 5A and B). The seed storage protein At7S1 gene (At4g36700)
was found to be expressed using RT-PCR (Fig. 5C). The mutant plants displayed diverse
developmental defects such as upward curly leaves (Fig. 6A and B), shorter siliques
(Fig. 6C), as well as shorter primary and fewer lateral roots (Fig. 6D).

3.1.2 Positional mapping of essp1 locus
When essp1 plants were crossed with the progenitor ProβCG:GUS line, the F1 plants
showed no GUS activity in leaves and morphologically resembled wild-type plants. In the
F2 generation, the ratio of GUS positive:negative progeny was approximately 1:3,
indicating that essp1 is a single recessive mutation. To map the essp1 mutation, essp1
plants were crossed with wild-type plants of the Landsberg erecta accession to generate a
segregating mapping population. A bulked segregation analysis (Lukowitz et al., 2000)
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Figure 5. Identification of essp1.
A: Histochemical staining for GUS activity of a typical 14-day-old essp1 seedling grown
on an MS agar plate. Scale bar = 5 mm.
B: A close-up view of a single leaf of a GUS-stained 14-day-old essp1 seedling showing
GUS expression along the leaf margin.
C: RT-PCR analysis of At7S1 expression in 14-day-old wild-type and essp1 mutants
grown on MS agar plates. Elongation factor 1α was used as a positive control.
SAIL_82_A02 and SK6095 are T-DNA lines of ESSP1 (see section 3.1.3 for details).
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Figure 5. Identification of essp1
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Figure 6. essp1 morphological phenotype.
A to C: Two-week-old (A), 5-week-old (B) and 8-week-old (C) wild-type (Col) and essp1
plants grown under long-day conditions (18 h light/6 h dark). The insert in panel C shows
mature siliques of wild-type and essp1. Scale bar = 5 cm
D: Two-week-old seedlings grown on MS plates, allowing comparison of roots of
wild-type and essp1 plants. Scale bar = 1 cm
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Figure 6. essp1 morphological phenotype
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was conducted, which successfully located the essp1 mutation between marker ciw3 and
nga168 on chromosome 2. Further mapping with simple sequence length polymorphism
(SSLP) and single-nucleotide polymorphism (SNP) markers, based on the curly leaf and
GUS phenotype, narrowed down the mutation to a genomic interval of about 37 kb
(Fig. 7A). To identify the molecular lesion in essp1, this genomic region was amplified
by PCR and sequenced. A single C to T point mutation was identified in AT2G19560, a
predicted PCI (Proteasome, COP9, Initiation factor 3) domain-containing gene. The
mutation is predicted to result in a premature stop codon, leading to the truncation of the
PCI domain (Fig. 7B). This gene was also identified as EER5 (ENHANCED ETHYLENE
RESPONSE 5) in another unrelated research, and was shown to asct in the ethylene
signaling pathway (Christians et al., 2008).

3.1.3 ESSP1 is At2G19560
To confirm that ESSP1 is At2g19560, cDNA of ESSP1 was transformed into essp1 plants.
All transgenic lines showed wild-type morphology and no GUS activity in leaves (data
not shown). Furthermore, two T-DNA insertion lines, SK6095 and SAIL_82A02
(Fig. 7B), were obtained and homozygous plants for the T-DNA insertions were crossed
with ProβCG:GUS. In the F2 generation, approximately one quarter of the plants showed
the curly leaf phenotype and displayed leaf margin GUS staining (data not shown).
Together, these data strongly suggest that ESSP1 is At2g19560. In addition,

- 57 -

Figure 7. Map-based cloning of essp1.
A. Fine mapping locates the essp1 locus to the middle of chromosome 2. The numbers of
recombination events out of the total number of chromosomes examined (2758) are
indicated.
B. Structure of the ESSP1 locus. The locations of mutations/T-DNA insertion sites in
mutant alleles are indicated by the triangles. Boxes and lines represent exons and introns,
respectively. The red and blue boxes indicate the coding regions for the PCI (Proteasome,
COP9, Initiation factor 3) and PAM (PCI-associated module) domains, respectively.
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Figure 7. Map-based cloning of essp1
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RT-PCR results clearly showed the expression of At7S1, a seed specific gene, in both
T-DNA lines (Fig. 5C), further confirming that ESSP1 is At2g19560.

3.2 Screening for ESSP1 interacting partners
The majority of PCI domain-containing proteins are found in three large protein
complexes: the regulatory lid of the 26S proteasome, the COP9 signalosome (CSN), and
the translation initiation factor eIF3 (Kim et al., 2001). The PCI domain was predicted to
have an α-helical secondary structure but the primary sequence is not well conserved,
especially in the N-terminal region (Aravind and Ponting, 1998). Even though the
function of the PCI domain is still not well understood, it is thought to be involved in
mediating protein-protein interactions and directing the incorporation of subunits in both
proteasome and CSN complexes (Fu et al., 2001; Tsuge et al., 2001; Dessau et al., 2008).
There are twenty genes in the Arabidopsis genome that are predicted to encode PCI
domain-containing proteins (Kim et al., 2001). However, three of the genes in
Arabidopsis encoding PCI domain-containing proteins are not yet characterized, with
ESSP1 being one of them. To gain insight into the in vivo function of ESSP1, an Y2H
screen was performed to search for potential ESSP1-interacting partners. For the Y2H
screen, both full length ESSP1 and PCI domain (ESSP1271-413) were used as baits. Full
length ESSP1 identified six proteins, either with partial or full length coding sequences,
which included those predicted to encode a SAC3/GANP domain containing protein, a
nucleoporin-like protein, the ubiquitin C-terminal hydrolase 1 (UCH1), and one of the
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(Table 1). Interestingly, the same SAC3/GANP domain containing protein was also
uncovered when only the PCI domain was used as bait.

3.3 ESSP1 is the ortholog of yeast Thp1
A module associated with specific PCI domains was identified during the course of
characterization of the different subgroups within the PCI domain family, and was named
PAM (PCI associated module) domain (Ciccarelli et al., 2003). Putative orthologs of
Thp1 from diverse species were retrieved, including the one encoded by Arabidopsis
AT2G19560/ESSP1 (Ciccarelli et al., 2003). This finding raised the possibility that
ESSP1 is also an ortholog of the yeast Thp1.
In yeast, Thp1 is a core subunit of the TREX-2 complex (Gallardo et al., 2003). This
multi-protein complex is located at the inner side of NPC and controls mRNA transport
(Chekanova et al., 2008). To confirm whether ESSP1 is the Arabidopsis homolog of yeast
Thp1, its subcellular localization was first examined, and then the protein-protein
interaction of ESSP1 with other TREX-2 subunits was analyzed, followed by examining
its role in mRNA export.

3.3.1 ESSP1 is localized in the nucleus and cytoplasm
Subcellular localization of a protein is usually associated tightly with its function. If
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Table 1. Arabidopsis proteins identified from an Y2H library screening using ESSP1
as bait
Peptides
identified*

Yeast
homolog

Key reference

AT3G10650 Nucleoporin-like

850-1309

Nup1p

Neumann et al., 2007

AT2G39340 SAC3 domain protein

134-1006

YPR045C

Wilmes et al., 2008

AT5G45010 AtDSS1(V)

1-73

Sem1/Dss1

Dray et al., 2006

AT5G16310 UCH1

123-334

UCH2/UCH37

Yang et al, 2007

AT5G61290 FMO family protein

304-461

-

-

AT2G38280 AMP deaminase

1-839

AMD1

Xu et al., 2005

Gene

Protein product

* Numbers refer to the number of amino acids
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ESSP1 is involved in any mRNA export related process, it should localize inside the
nucleus and may even concentrate at the nuclear periphery. To test this hypothesis, the
transient expression assay and stable transgenic plants were used to examine the
subcellular localization of ESSP1.
For transient expression, the ESSP1-YFP translational fusion, driven by a 35S promoter
(Fig.

8),

was

introduced

into

N.

benthamiana

leaf

epidermal

cells

via

Agrobacterium-mediated transformation. Forty eight hours after the infiltration, YFP
signal was observed in the cytoplasm as well as the nucleus, with a stronger signal in the
latter (Fig. 9A).
To generate stable transgenic lines, three different constructs, containing
35S::ESSP1-YFP, the ESSP1 native promoter-driven ESSP1-YFP, or the ESSP1 native
promoter-driven ESSP1-GUS (Fig. 8), were introduced into essp1 mutant background via
Agrobacterium-mediated transformation. The resulting transgenic lines were named
ESSP1-pEG101, npESSP1-301YFP and npESSP1-pMDC163, respectively. Upon
germination of T1 seeds on BASTA selective media, twelve, ten and seven individual
lines were obtained from ESSP1-pEG101, npESSP1-301YFP and npESSP1-pMDC163,
respectively. PCR-based genotyping was employed to confirm the integration of the
transgene. The morphological phenotype and reporter (YFP and GUS) localization were
examined in both T2 and T3 generations. The essp1 mutant phenotype was completely
rescued in all of the transgenic plants, indicating that the fusion with YFP did not
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Figure 8. Diagram of ESSP1 constructs used in plant transformation.
ESSP1-pEG101 contains a 35S promoter driven ESSP1-YFP for constitute expression of
ESSP1. CDS: coding sequence, T: terminator. The arrows indicated the location of
primers used for PCR based confirmation of transgene.
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Figure 8
Figure 8. Diagram of ESSP1 constructs used in plant transformation

- 65 -

Figure 9. Subcellular localization of ESSP1.
A: Transient expression of 35S:ESSP1-YFP in N. benthamiana leaf epidermal cells. YFP
signal was observed 48 h after infiltration. Scale bar = 40 μm
B-D: The root cap (B), root tip (C and D) and elongation zone from transgenic
Arabidopsis expressing 35S:ESSP1-YFP in the essp1 background. Scale bar = 40 μm
E: Close-up of a single cell at the elongation zone showing the nuclear periphery
localization

of

YFP

(white

arrow)

from

transgenic

Arabidopsis

expressing

35S:ESSP1-YFP in the essp1 background. Cell walls are stained by propidium iodide.
Scale bar = 10 μm
F: The elongation zone from transgenic Arabidopsis expressing 35S:ESSP1-YFP in the
essp1 background. Cell walls are stained by propidium iodide. Scale bar = 40 μm
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Figure 9. Subcellular localization of ESSP1
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interrupt the function of ESSP1. All the transgenic plants exhibited wild-type
morphological phenotype when grown in soil. The specific leaf edge GUS expression
pattern was also abolished in all of the transgenic plants (data not shown).
In ESSP1-pEG101, the YFP signal was observed in both roots and leaves. Even under the
control of the constitutive 35S promoter, ESSP1-YFP fusion proteins displayed different
expression patterns in different tissues. In the root cap, YFP was observed in both the
nucleus and cytoplasm (Fig. 9B). In the meristematic zone, most of the cells showed a
nuclear localization while some displayed a cytoplasmic localization as well (Fig. 9C). In
certain cells of the meristematic and elongation zones, YFP signal was observed to
concentrate along the nuclear periphery (Fig. 9D and E). In the elongation zone and leaf
epidermal cells, YFP was mainly localized in the nucleus (Fig. 9F). Heterozygous and
homozygous transgenic plants, as well as those plants containing multiple transgene
copies, exhibited similar morphological phenotypes and subcellular localization (data not
shown), indicating that the copy number of the transgene did not affect the localization of
ESSP1.
In 14-day-old npESSP1-pMDC163, strong GUS expression was observed in the root tip
of both primary and lateral roots, especially in the meristematic zone (Fig. 10A and B).
The stele displayed a stronger GUS staining compared to the cortex and root cap
(Fig. 10C). GUS expression was also detected at the tip of emerging lateral roots
(Fig. 10D and E). In the 6-week old npESSP1-pMDC163 plants grown in soil, GUS
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Figure 10. ESSP1 expression pattern.
Histochemical staining for GUS activity in npESSP1-pMDC163 transgenic plants
A: A typical 14-day-old seedling grown on an MS agar plate showing the GUS
expression in root tips. Scale bar = 5 mm.
B-E: Close-up of the root tip and lateral root. Scale bar = 2 mm.
F: A typical 6-week-old leaf from a seedling grown under long-day conditions (18 h
light/6 h dark) showing the GUS expression in the veins.
G: A flower showing the GUS expression in the anther, stigma and tip of carpel.
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Figure 10. ESSP1 expression pattern
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expression was also displayed in the anther and stigma of the flowers (Fig. 10G). In
14-day old npESSP1-301YFP, the YFP signal was observed in both the nucleus and
cytoplasm at the root tip. Even though the expression pattern was similar, the YFP signal
was much weaker compared to ESSP1-pEG101 transgenic seedlings (data not shown).
No YFP signal could be detected in other parts of the seedlings.

3.3.2 ESSP1 interacts with other components of TREX-2
If ESSP1 serves a similar function as yeast Thp1, it should be able to interact with at least
some of the major components of TREX-2. Using directed Y2H and BiFC assays, the
physical association of ESSP1 with other important TREX-2 components was analyzed.
Directed Y2H was employed to test the physical interactions between ESSP1 and the
putative AtNUP1 and AtSAC3s (see section 3.7 and 3.4 for detailed description of
AtNUP1 and AtSAC3s, respectively). It was found that ESSP1 interacted with AtSAC3A
based on colony growth (Fig. 11). ESSP1 also interacted with AtSAC3B. The full length
AtNUP1 showed self activation. Thus, a truncated version, AtNUP11850-1309, was used and
its interaction with ESSP1 was detected (Fig. 11).
BiFC was used to determine if the interactions observed in Y2H can also be detected in a
plant host. BiFC can also be used to test interactions that cannot be performed with the
Y2H system (such as full length AtNUP1 due to self-activation). ESSP1 and full length
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Figure 11. Y2H assay showing interaction between the AtSAC3s, ESSP1 and AtNUP1.
Yeast strains were either plated on SD -Trp/-Leu or SD -Trp/-Leu/-His/-Ade dropout
medium to determine the ability to grow and to identify positive interaction, respectively.
Series of 10-fold dilutions of the co-transformed yeast cultures were spotted and
incubated at 30 oC for 2-4 d.
BD and AD, proteins fused with Gal4 DNA binding and activation domains, respectively.
pGBKT7 and pGADT7-Rec are empty vectors for BD and AD, respectively, and are used
as negative controls. Data for positive interaction are shown, together with their controls.
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Figure 11. Y2H assay showing interaction between the Arabidopsis SAC3s, ESSP1 and AtNUP1

AtNUP1.
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AtNUP1 clearly interacted in BiFC (Fig. 12A). The reconstituted YFP signal was
observed specifically along the nuclear periphery. ESSP1 also interacted with AtSAC3s,
but the captured YFP signal showed different patterns. For the interactions of ESSP1 with
AtSAC3A and AtSAC3B, an YFP signal was detected only in the nucleoplasm
(Fig. 12B and C). In contrast, AtSAC3C and ESSP1 interaction produced a YFP signal
that was observed only in the cytoplasm, and not in the nucleoplasm (Fig. 12D). These
interactions are consistent with the expected role of ESSP1 as a putative component of
the TREX-2 complex. ESSP1 also interacted with AtDSS1s, RPN12A and UCH1, three
proteins that are linked to the 26S proteasome (Fig. 12E to H, see section 3.12 and 3.13.2
for details).

3.3.3 ESSP1 is involved in mRNA export
The role of ESSP1 in mRNA export was further examined as this is a defined function of
TREX-2 complex (Fischer et al., 2002). To determine if ESSP1 is required for proper
mRNA export, seven-day old essp1 and wild-type (Col) leaves were used for mRNA
export assays. Leaves were fixed and then subjected to fluorescent oligo d(T) probe in
situ hybridization. When hybridized leaves were examined under a confocal microscope,
uniform distribution of weak fluorescent signal was detected in wild-type mesophyll cells
(Fig. 13A). However, a strong fluorescent signal was clearly observed in the nuclei of
essp1 mesophyll cells (Fig. 13B), suggesting the accumulation of poly(A) RNA in the
nuclei of mutant plants. This result provides direct evidence that ESSP1 is required for
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Figure 12. BiFC assay showing interaction between the ESSP1 and other proteins in
planta.
N. benthamiana leaves were co-transformed with constructs expressing proteins fused to
the N- and C-terminus of YFP, respectively. Images were recorded 48-72 h after
infiltration using a Leica TCS SP2 confocal microscope. Images are shown as merged
confocal YFP and bright-field images (A to C) to show the boundary of cells or YFP
images alone (D to H) to show the YFP signal in the cytoplasm.
(I and J), An example (AtNUP1-YN with YC alone) for negative controls showing no
YFP signal. (I), YFP channel image alone. (J), merged YFP and bright-field images. All
negative controls lacked any YFP signal, therefore are not shown hereafter.
Scale bar = 40 μm

- 75 -

Figure 12. BiFC assay showing interaction between the ESSP1 and other proteins in planta
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Figure 13. mRNA export assay showing mRNA export defect in essp1.
mRNA export assay by whole-mount in situ localization of poly(A) RNA for wild-type
(Col) and essp1. Leaves from 10-day-old seedlings were used. The bright green signal in
the essp1 nuclei represents the accumulation of mRNA. Scale bar = 40 μm
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Figure 13. mRNA export assay showing mRNA export defect in essp1
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proper mRNA export.
Taken together, these data and observations strongly suggest that ESSP1 might be a plant
protein serving the same function as yeast Thp1. Thus ESSP1 was named as AtTHP1 and
the mutant alleles SAIL_82_A02, eer5-1, essp1, SK6095 were named as atthp1-1, 2, 3, 4,
respectively.

3.4 Characterization of the Arabidopsis homologs of yeast Sac3
The yeast Sac3, which is part of the TREX-2 complex, has been shown to interact with
specific nucleoporins and is essential for mRNA export (Fischer et al., 2002; Lei et al.,
2003). The Sac3 protein is evolutionarily conserved between yeast and humans (Jones et
al., 2000). While the SAC3/GANP domain in the middle of this protein is clearly
conserved, the flanking N- and C-terminal regions are highly variable (Jones et al., 2000;
Fischer et al., 2002). The yeast Sac3 C-terminus is responsible for the NPC association of
TREX-2 with Nup1 (Fischer et al., 2002). Even though the Arabidopsis ortholog(s) of the
yeast Sac3 have not yet been identified and characterized previously, one SAC3
domain-containing

protein

was

identified

in

the

Y2H

screen

for

ESSP1/AtTHP1-interacting partners (section 3.2, Table 1).

3.4.1 Arabidopsis has three SAC3 family proteins
Upon performing a BLAST search of the Arabidopsis protein database, using the amino
acid sequence of the conserved SAC3/GANP domain of yeast Sac3 as query, three genes
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AtSAC3A (AT2G39340), AtSAC3B (AT3G06290), and AtSAC3C (AT3G54380),
respectively. T-DNA insertion lines of AtSAC3s, SAIL_115_F06 (atsac3a-1),
SAIL_584_A02

(atsac3a-2),

WiscDsLox489-492C8

(atsac3b-1),

SALK_026819

(atsac3b-2), SAIL_1182_B02 (atsac3c-1) and SALK_083805 (atsac3c-2), were obtained
to further characterize the AtSAC3s (Fig. 14).
The three AtSAC3s have different protein domain arrangement (Fig. 14). The
SAC3/GANP domain is localized at the C-terminal portion in AtSAC3A. Thus, the
C-terminal flanking sequence is short. The AtSAC3C also has very short C- and
N-terminal flanking sequences. In contrast, AtSAC3B is the only one that has long
flanking sequences at both N- and C-termini, very much like the yeast Sac3. Yeast Sac3
has a CID domain in the C-terminal end that can bind to Sus1 and Cdc31 (Fischer et al.,
2004). Deletion of the CID domain abolishes the association of Sus1 and Cdc31 in
TREX-2, resulting in mis-localization of TREX-2 from NPCs and a defect in poly(A)
RNA export (Fischer et al., 2004). Together with Sus1 and Cdc31, Sac3 CID functions as
a conserved α-helical scaffold which is targeted to NPCs and is necessary for TREX-2
function (Jani et al., 2009). A BLAST search was performed using the amino acid
sequence of yeast CID domain as query. Only AtSAC3B has a CID domain at its
C-terminal portion (red box in Fig. 14).
Amongst the three AtSAC3s, AtSAC3B and AtSAC3C are grouped together based on the
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Figure 14. Structure of AtSAC3s.
Structure of AtSAC3s and the locations of T-DNA insertion sites (triangles) in mutant
alleles are shown. Boxes and lines represent exons and introns, respectively. The blue and
red boxes indicate the coding regions for the SAC3/GANP and CID domains,
respectively. The arrows indicate the localization of the primers used for RT-PCR
analysis.

- 81 -

Figure 14. Structure of AtSAC3s
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amino acid sequence of the SAC3/GANP domain and they were closest to the Sac3s from
yeast and animals. AtSAC3A does not appear to be closely related to any other Sac3
protein (Fig. 15).

3.4.2 AtSAC3s have different subcellular localization
The yeast Sac3 is localized in the nucleus (Bauer and Kolling, 1996). To test if the
AtSAC3s have the same localization profile, the subcellular localization of AtSAC3s was
studied by using a tobacco transient expression system and in the stable transgenic
Arabidopsis lines. For transient expression, the AtSAC3A-YFP, AtSAC3B-YFP and
AtSAC3C-YFP translational fusions, driven by the 35S promoter, were introduced into
N. benthamiana leaf epidermal cells via Agrobacterium-mediated transformation. The
YFP signal was examined at 48 h after infiltration using a confocal microscope, unless
stated otherwise.
For AtSAC3A, YFP fluorescence was detected only in nuclei (Fig. 16A). Occasionally,
scattered spots showing stronger YFP signal can be observed inside the nuclei of some
cells (Fig. 16B). For AtSAC3B, strong YFP fluorescence was displayed in the nuclei
24 h post infiltration (Fig. 17A). After 72 h, the YFP signal became weaker but showed
clear nuclear periphery localization (Fig. 17B). Compared to the other two AtSAC3s,
AtSAC3C has a different localization as the YFP fluorescence was observed only in the
cytoplasm, mainly along the cell wall, and not in nuclei (Fig. 18A).
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Figure 15. Unrooted dendrogram of SAC3 domain family proteins.
Unrooted dendrogram generated by aligning the amino acid sequence of SAC3/GANP
domains of SAC3 domain family proteins from Arabidopsis (At), yeast (Saccharomyces
cerevisiae and Schizosaccharomyces pombe, Sc and Sp), Caenorhabditis elegans (Ce),
Homo sapiens (Hs) and Oryza sativa, (Os). The SAC3/GANP domain is found in Sac3
proteins, initiation factors, and RPNs, which are subunits of 26S proteasome. Clades of
functionally distinct subgroups are shaded. The three Arabidopsis SAC3s are indicated in
bold. Bootstrap values are from 1000 samplings.
Sequence data used to generate this dendrogram can be found in the GenBank/EMBL
data libraries under accession numbers At2g39340 (AtSAC3A), At3g06290(AtSAC3B),
At3g54380 (AtSAC3C), At1g64520 (AtRPN12A), At5g42040 (AtRPN12B), NP_588432
(SpSac3), EDN60497 (ScSac3), NP_501328 (CeSac3), AAI04959 (HsSac3), NP_195051
(AteIF3K), NP_116710 (ScRPN12), NP_037366 (HseIF3K), NP_001049175 (OseIF3K),
NP_002803 (HsRPN12), NP_596750 (SpRPN12) and NP_496489 (CeRPN12).
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Figure 15. Unrooted dendrogram of SAC3 domain family proteins
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Figure 16. Subcellular localization of AtSAC3A.
35S:AtSAC3A-YFP was expressed transiently in (A) N. benthamiana leaf epidermal cells
and in the (C) root tip, (D) zone of differentiation, (E) epidermal cells of a Arabidopsis
transgenic plant in the atsac3a background. Scale bar = 40 μm
B: Close-up of the nucleus in a N. benthamiana epidermal cell showing the scattered
spots of strong YFP signal. Scale bar = 20 μm
F: Close-up of stomata showing the YFP signal in the nuclei of guard cells. Scale bar =
5 μm
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Figure 16. Subcellular localization of AtSAC3A
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Figure 17. Subcellular localization of AtSAC3B.
35S:AtSAC3B-YFP was expressed transiently in (A) N. benthamiana leaf epidermal cells
24 h after infiltration and in the (C) root tip, (E) zone of differentiation of a Arabidopsis
transgenic plant in the atsac3b background. Scale bar = 40 μm
B: Close-up of a nucleus showing the YFP signal at the nuclear periphery in a
N. benthamiana leaf epidermal cell 72 h after infiltration. Scale bar = 20 μm
D: Close-up of a section of an Arabidopsis root tip showing the YFP signal at the nuclear
periphery. Scale bar = 20 μm
F: Close-up of a cell showing the YFP signal at the nuclear periphery at the zone of
differentiation. Scale bar = 40 μm
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Figure 17. Subcellular localization of AtSAC3B
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Figure 18. Subcellular localization of AtSAC3C.
A: Transient expression of 35S:AtSAC3C-YFP in N. benthamiana leaf epidermal cells.
YFP signal was observed 48h after infiltration. Scale bar = 40 μm
B and C: The root tip from transgenic Arabidopsis expressing ProAtSAC3C:AtSAC3C-YFP
in the atsac3c background. Scale bar = 40 μm
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Figure 18. Subcellular localization of AtSAC3C
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To generate stable transgenic lines, 35S::AtSAC3A-YFP, 35S::AtSAC3B-YFP and
ProAtSAC3C::AtSAC3C-YFP constructs were transformed into their corresponding T-DNA
insertion mutant background. The YFP reporter was examined in the T2 and T3
generations. For AtSAC3A, YFP signal was detected in the nuclei of cells in both roots
and leaves (Fig. 16C to E). Interestingly, a much stronger YFP signal than that of
epidermal cells was observed in the nuclei of guard cells of the stomata (Fig. 16F). For
AtSAC3B, the majority of the YFP fluorescence was seen at the nuclear periphery of
most cells, except in some cells where YFP was distributed throughout the nucleoplasm
(Fig. 17C to F). AtSAC3C showed cytoplasm localization (Fig. 18B and C), which is
consistent with the data obtained within the transient expression system (Fig. 18A).

3.4.3 AtSAC3s interact with TREX-2 components
In the Y2H screen, AtSAC3A was identified as an interacting partner of ESSP1/AtTHP1
(Table 1). The uncovered partial coding sequence encodes a truncated AtSAC3A
(AtSAC3A134-1006) that includes the conserved SAC3/GANP domain. The physical
interaction between AtSAC3A and ESSP1/AtTHP1 as well as other putative TREX-2
components was examined by directed Y2H assay. AtSAC3A was found not only to
interact with ESSP1/AtTHP1 as previously described (section 3.3.2) but was also shown
to interact with AtSAC3B, AtCEN1 and AtCEN2 (Fig. 19). AtCEN1 and AtCEN2 are
Arabidopsis homologs of yeast Cdc31, one of the components of TREX-2 (Molinier et al.,
2004). AtSAC3B interacted with ESSP1/AtTHP1, AtSAC3A and AtCEN2 (Fig. 19).
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Figure 19. Y2H assay showing interaction between the AtSAC3s, ESSP1/AtTHP1,
AtCEN1 and AtCEN2.
Yeast strains were either plated on SD -Trp/-Leu or SD -Trp/-Leu/-His/-Ade dropout
medium to determine the ability to grow and to identify positive interactions, respectively.
Series of 10-fold dilutions of the co-transformed yeast cultures were spotted and
incubated at 30 oC for 2-4 d.
BD and AD, proteins fused with Gal4 DNA binding and activation domains, respectively.
pGBKT7 and pGADT7-Rec are empty vectors for BD and AD, respectively, and are used
as negative controls. Data for positive interaction are shown, together with their controls.
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Figure 19. Y2H assay showing interaction between the AtSAC3s, ESSP1/AtTHP1, AtCEN1 and AtCEN2
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A BiFC assay was then conducted to determine if the interactions found by Y2H are also
found in plants. While AtSAC3A interacted with ESSP1/AtTHP1, an YFP signal was
observed only in the nucleus (Fig. 20A). AtSAC3A also interacted with full length
AtNUP1 (Fig. 20B).

The YFP signal was detected specifically along the nuclear

periphery, which is consistent with the AtNUP1 localization pattern. Interactions between
AtSAC3A and AtSAC3B, AtDSS1(I), AtDSS1(V) were also demonstrated (Fig. 20C, H
and I). All of these combinations displayed YFP fluorescence in the nucleus, even though
the localization of some of these proteins was not restricted to the nucleus. In addition to
the positive interactions found in Y2H, AtSAC3B also interacted with full length
AtNUP1 (Fig. 20E). The YFP signal of AtNUP1 and AtSAC3B was observed along the
nuclear periphery, which is consistent with the localization of AtNUP1 and AtSAC3B.
AtSAC3C interacted with ESSP1/AtTHP1 (Fig. 20G). Even though ESSP1/AtTHP1 is
localized in both the nucleus and cytoplasm, the YFP signal was observed only in the
cytoplasm, which is consistent with the observed localization of AtSAC3C.

3.4.4 Altered response to plant hormones in atsac3s
None of the T-DNA insertion mutants of the AtSAC3s showed visible morphologic
defects when grown in soil or in MS medium (data not shown). However, interestingly,
atsac3a mutants showed hypersensitivity to abscisic acid (ABA) and high concentration
of gibberellic acid (GA3). When the mutant seeds were germinated on MS medium
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Figure 20. BiFC assay showing interaction between the AtSAC3s and other proteins.
N. benthamiana leaves were co-transformed with constructs expressing proteins fused to
the N- and C-terminus of YFP, respectively. Images were recorded 48-72 h after
infiltration using a Leica TCS SP2 confocal microscope. Images are shown as merged
confocal YFP and bright-field images (except G) to show the boundary of cells or YFP
images alone (G) to show the YFP signal in the cytoplasm. Scale bar = 40 μm
Data from A, D and G have been shown in Figure 12. They are included here for
comparison purposes. All negative controls did not show YFP signal, therefore were not
shown. See Figure 12 (I and J) for typical negative control images.
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Figure 20. BiFC assay showing interaction between the AtSAC3s and other proteins

.
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containing 1 μM ABA, the root development was greatly inhibited and no true leaves
developed. The seedlings remained tiny and pale yellow after 28 d (Fig. 21A). With
50 μM GA3, the development of true leaves in atsac3a was greatly affected as all the
leaves were small and narrow (Fig. 21B). However, this effect could not be observed at
low concentration of GA3 (1 μM, Fig. 21C). When the atsac3b seeds were germinated on
MS medium containing 1 μM ABA, the root and shoot development was inhibited, but
not as severe as that of atsac3a (Fig. 21A).

3.4.5 mRNA export in atsac3s
One challenge was to identify which of the Arabidopsis SAC3 homolog(s) is (are) the
functional ortholog(s) of the yeast Sac3 protein. The best characterized function of the
yeast Sac3 protein is its role in mRNA export as an essential component of the TREX-2
complex (Fischer et al., 2002; Kohler and Hurt, 2007). Mutations in the yeast Sac3 cause
mRNA export defect, such as accumulation of poly(A) mRNA in the nucleus (Lei et al.,
2003).
To determine whether mutations in any of the AtSAC3s display mRNA export defects,
homozygous knockout T-DNA insertion lines for each of the AtSAC3s were selected and
examined in an mRNA export assay. Accumulation of poly(A) mRNAs in the nuclei was
not observed in any of the three mutants (Fig. 22), suggesting that there may be
functional redundancy between the three genes. Double mutants of all possible
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Figure 21. atsac3a and atsac3b respond to ABA and GA3 differentially.
A: Four-week-old wild-type (Col), essp1, atsac3a and atsac3b seedlings grown on MS
plates supplemented with 1 μM ABA. Scale bar = 5 mm
B and C: Two-week-old wild-type (Col), essp1, atsac3a and atsac3b seedlings grown on
MS plates supplemented with (B) 50 μM or (C) 1 μM GA3. Scale bar = 5 mm
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Figure 21. atsac3a and atsac3b respond to ABA and GA3 differentially
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Figure 22. mRNA export assay of atsac3s mutants.
mRNA export assay by whole-mount in situ localization of poly(A) RNA for wild-type
(Col), atsac3a-1, atsac3b-2 and atsac3c-1. Leaves from 10-day-old seedlings were used.
Scale bar = 40 μm
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Figure 22. mRNA export assay of atsac3s mutants
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combinations of the mutant alleles (atsac3a atsac3b, atsac3a atsac3c, and atsac3b
atsac3c) and the triple mutant (atsac3a atsac3b atsac3c) were generated by combining
the atsac3a-1, atsac3b-2 and atsac3c-1 via genetic crossing. The genotypes of the double
and triple mutants were confirmed by PCR before the mRNA export assay was conducted.
Surprisingly, no mRNA export defect was observed for any of the double or triple mutant
plants (data not shown). This mRNA export result is consistent with the observation that
none of these mutants showed visible morphological phenotypes under normal growth
conditions.

3.4.6 ESSP1/AtTHP1 and AtSAC3B are involved in the ethylene response
ESSP1/EER5/AtTHP1 (Christians et al., 2008) and AtSAC3B (Christopher et al., 2009)
have both been implicated to play similar roles in the ethylene-signaling pathway,
suggesting a functional link between the two proteins. Enhanced ethylene response was
also detected in essp1/atthp1 and atsac3b alleles (Fig. 23), but not in atsac3a and atsac3c
mutants (data not shown). The essp1/atthp1 and atsac3b seedlings displayed shorter
hypocotyls compared to wild-type when grown in the dark. With the presence of the
ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC), the essp1/atthp1 and
atsac3b exhibited a greater change in the pronounced apical hook and thicker hypocotyls
(Fig. 23). Since the ethylene response of atsac3b was weaker than essp1, the atsac3a
atsac3b double and atsac3a atsac3b atsac3c triple mutants were further examined.
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Figure 23. Ethylene response in essp1 and atsac3b.
Two-week-old homozygous seedlings of essp1, atsac3b-2 single mutant and essp1
atsac3b-2 double mutants showing the ethylene hypersensitive phenotype. Seedlings
were grown on MS medium in dark, with or without ACC. Scale bar = 2 mm.
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Figure 23. Ethylene response in essp1 and atsac3b

- 105 -

However, none of them showed a stronger ethylene response than the atsac3b single
mutant (data not shown). To examine the genetic relationship between ESSP1/AtTHP1
and AtSAC3B, essp1 sac3b double mutants were generated by crossing. Morphologically,
the essp1 atsac3b double mutants were very small in size and had greatly reduced fertility
(Fig. 24). Specifically, essp1 atsac3b-1 was found to be sterile while essp1 atsac3b-2
could set a few seeds. The ethylene response of essp1 sac3b double mutants was also
tested and a stronger response, compared to both single mutants, was observed (Fig. 23).

3.5 Identification of the Arabidopsis ortholog of yeast Nup1
In yeast, Nup1 is located on the inner side (basket) of NPC and serves as an anchor for
TREX-2 complex and essential docking site for the mRNA export machinery (Fischer et
al., 2002) (Fig. 2). One putative nucleoporin-like protein encoded by AT3G10650 in
Arabidopsis was identified in the Y2H screen described in section 3.2 (Table 1). It was
named AtNUP1. When the amino acid sequence was used to perform a BLAST search, it
did not align with a specific family of well-characterized yeast/vertebrates nucleoporins.
It should be noted that despite the overall conservation of nuclear pore complexes, many
nucleoporins are not highly conserved at the amino acid sequence level (Rose et al.,
2004). As a result, regular BLAST-search based screens may not readily recover
nucleoporin genes from genomic data (Neumann et al., 2007). In a screen for nucleoporin
candidate in plants using an improved bioinformatics analysis, five new plant nucleoporin
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Figure 24. Phenotypes of essp1 atsac3b-1 double mutant.
Phenotypes of 6-week-old essp1, atsac3b-2, essp1 atsac3b-1 double mutant and essp1
atsac3b-2 double mutant plants. Genotypes are indicated. Scale bar = 5 cm
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Figure 24. Phenotypes of essp1 atsac3b-1 double mutant
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candidates were identified (Neumann et al., 2007). Among these newly discovered plant
nucleoporins, AtNUP1 was identified as the most likely ortholog of Nup1 in yeast or
Nup153 in vertebrates. A series of experiments were performed to test if AtNUP1 is the
ortholog of yeast Nup1.

3.5.1 AtNUP1 plays an important role in plant development
Three T-DNA lines were obtained to characterize AtNUP1, SALK_104728 (atnup1-1),
SALK_020221 (atnup1-2) and CHSL_GT1662 (atnup1-3) (Fig. 25A). Of the three
T-DNA insertion lines, atnup1-1 was a knockdown line as the expression of AtNUP1
could still be detected, but at a much lower level (Fig. 25B). The mutant plants seem to
have fewer rosette leaves, longer secondary branches, and reduced fertility (Fig. 25C).
atnup1-2 was homozygous lethal since over 300 progeny from selfed heterozygous parent
were genotyped and none of which carried homozygous insertion. The siliques from the
heterozygous parent plants were examined and no aborted seeds were observed (data not
shown), suggesting that this T-DNA insertion may have caused a pollen defect (which
will be discussed in detail in section 3.5.5). atnup1-3 is in the Landsberg erecta
background and it showed a similar phenotype to atnup1-1 (data not shown).
It seems that AtNUP1 affects plant development in a dosage-dependent manner. When
constructs expressing 35S::AtNUP1 and ProAtNUP1::AtNUP1 were introduced into
wild-type background plants, dramatic phenotypic changes were observed among the
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Figure 25. Morphological phenotype of atnup1-1.
A. Structure of the AtNUP1 gene and location of T-DNA insertion sites. The locations of
mutations/T-DNA insertion sites in mutant alleles are indicated by the triangles. The red
vertical lines indicate the position of FG repeats, the only identifiable structural motif.
B. RT-PCR analysis of the expression of AtNUP1 in wild-type and mutant atnup1-1.
Genomic DNA (gDNA) was included as size control for RT-PCR products, and the
ACTIN 2 gene was used as an internal control.
C. Five-week-old wild-type (Col) and atnup1-1 plants. Scale bar = 2 cm.
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Figure 25. Morphological phenotype of atnup1-1
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transgenic plants. The ProAtNUP1::AtNUP1 transgenic plants had more rosette leaves,
smaller stature, but more branches and siliques at the mature stage compared to wt
(Fig 26).
The 35S::AtNUP1 transgenic plants were severely stunted but still set a few seeds
(Fig. 26). These results indicate that over-expression of AtNUP1 under a constitutive
promoter has a negative effect on plant development.

3.5.2 AtNUP1 is localized at the nuclear periphery
The yeast Nup1 was localized at the inner side of the NPC (Davis and Fink, 1990). The
subcellular localization of AtNUP1 was studied to test if it has the same localization as
that of the yeast Nup1. For transient expression, the AtNUP1-YFP translational fusion,
expressed by the 35S promoter, was introduced into N. benthamiana leaf epidermal cells
via Agrobacterium-mediated transformation. Forty eight hours post infiltration, the YFP
signal showed clearly nuclear periphery localization when examined with a confocal
microscope (Fig. 27A and B).
To generate stable transgenic lines, 35S::AtNUP1-YFP and a AtNUP1-YFP driven by the
AtNUP1 native promoter, were constructed and introduced into the T-DNA allele
atnup1-1. After selecting the transformants, YFP was examined in the T2 and T3
generations. In both transgenic lines, the YFP signal was detected at the nuclear periphery
(Fig. 27C and D), as would be expected for a nucleoporin, which is also consistent with

- 112 -

Figure 26. Dosage effect of AtNUP1 on plant development.
Mature stages of wild-type (Col), transgenic plants expressing 35S::AtNUP1 or
ProAtNUP1::AtNUP1, atnup1-1 homozygous plants. Genotype as indicated. Scale bar = 5 cm.
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Figure 26. Dosage effect of AtNUP1 on plant development
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Figure 27. Subcellular localization of AtNUP1.
A to B: Transient expression of 35S:AtNUP1-YFP in N. benthamiana leaf epidermal cells.
YFP signal was observed 48h after infiltration. Images are shown as YFP image alone (A)
or merged confocal YFP and bright-field image (B). The insert in A shows the strong
scattered YFP signal that can be observed in some nuclei. Scale bar = 40 μm
C to D: The root tip from transgenic Arabidopsis expressing (C) 35S::AtNUP1-YFP and
(D) ProAtNup1:AtNup1-YFP in the atnup1-1 background. Cell walls were stained by
propidium iodide. The insert in F is a close-up of a nucleus showing the nuclear periphery
localization of YFP. Scale bar = 40 μm

- 115 -

Figure 27. Subcellular localization of AtNUP1
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the observation from the transient expression assay.

3.5.3 AtNUP1 interacts with ESSP1/AtTHP1 and other TREX-2 related components
In yeast, Nup1 is anchor of the TREX-2 to the NPC as it showed physical interaction with
TREX-2 components (Fischer et al., 2002). The AtNUP1850-1309 interacted only with
ESSP1/AtTHP1 (Fig. 11) according to Y2H. No interaction was found between AtNUP1
and other components of putative TREX-2 (data not shown).
Full length AtNUP1 was then employed in BiFC to test its ability to interact with
TREX-2 components and other related proteins. It was found that AtNUP1 interacted
with the TREX-2 components ESSP1/AtTHP1, AtSAC3A, AtSAC3B, AtCEN1 and
AtSUS1 (Fig. 28A to E). It also interacted with the 26S proteasome members RPN12A,
RPN12B, AtDSS1(I) and AtDSS1(V) (Fig. 28F to I), which will be described in section
3.10. In all of these interactions, the YFP signal was detected only along the nuclear
periphery, which is consistent with the expected subcellular localization for a
nucleoporin.

3.5.4 AtNUP1 is required for mRNA export
The yeast nup1 mutant showed an mRNA export defect phenotype (Fischer et al., 2002).
Therefore, an mRNA export assay was employed to investigate if the mutation of
AtNUP1 affects mRNA export. The T-DNA line atnup1-1 was used in this assay. When
the hybridized leaves were examined using a confocal microscope, uniform distribution
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Figure 28. BiFC assay showing interaction between the AtNUP1 and other proteins.
N. benthamiana leaves were co-transformed with constructs expressing proteins fused to
the N- and C-terminus of YFP, respectively. Images were recorded 48-72 h after
infiltration using a Leica TCS SP2 confocal microscope. Images are shown as merged
confocal YFP and bright-field images. Scale bar = 40 μm
Data from A, B and C have been shown in previous figures. They are included here for
comparison. All negative controls did not show an YFP signal and therefore are not
shown. See Figure 12 (I and J) for typical negative control images.
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Figure 28. BiFC assay showing interaction between the AtNUP1 and other proteins
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of the fluorescent signal was observed in the wild-type mesophyll cells (Fig. 29A).
However, a strong fluorescent signal was clearly observed in the nuclei of atnup1-1
mesophyll cells (Fig. 29B), suggesting the accumulation of poly(A) RNA in the mutant
nuclei. This result provides direct evidence that AtNUP1 is required for proper mRNA
export.

3.5.5 AtNUP1 is required for proper pollen development
Plant pollen development starts within the anther with meiotic divisions of the
microsporocytes to form a tetrad of haploid spores (McCormick, 2004). The microspores
from the tetrad are then released and form mature pollen grains.
Of the atnup1 T-DNA lines, atnup1-1 showed reduced fertility while atnup1-2 displayed
a homozygous lethal phenotype as described in section 3.5.4. These phenotypes could be
the result of a defect in either the male or female gametophytes, or both. To examine
whether these phenotypes are the result of defective pollens or defective ovaries,
reciprocal crosses were performed using a homozygous lethal allele atnup1-2 and a
weaker allele atnup1-3. Both alleles contain a kanamycin-resistant marker as part of their
T-DNA, which enables the selection for seedlings containing the T-DNA.
When atnup1-2 heterozygous parents were allowed to self-pollinate, the F2 seedlings had
a 1:1 segregation ratio based on kanamycin resistance (Table 2). When wild-type
Columbia and atnup1-2 heterozygous plants were used as pollen donor and recipient,
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Figure 29. mRNA export assay showing mRNA export defect in atnup1-1.
mRNA export assay by whole-mount in situ localization of poly(A) RNA for wild-type
(Col) and atnup1-1. Leaves from 10-day-old seedlings were used. The bright green signal
in the atnup1-1 nuclei represents the accumulation of mRNA. Scale bar = 40 μm
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Figure 29. mRNA export assay showing mRNA export defect in atnup1-1
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Table 2. Segregation in atnup1-2 heterozygous selfed F2 seeds
atnup1-2 line

KanR

Kans

KanR %

P

atnup1-2-1

66

60

52

0.59

atnup1-2-2

54

61

47

0.51

atnup1-2-3

54

57

49

0.78

atnup1-2-5

62

53

54

0.40

atnup1-2-6

70

62

53

0.49

atnup1-2-7

77

75

51

0.87

atnup1-2-8

64

67

49

0.79

atnup1-2-9

82

71

54

0.37

atnup1-2-10

67

94

42

0.03

atnup1-2-11

67

78

46

0.36

A chi-square test was used to determine if the observed data are in agreement with
predicted data based on genetic explanation. KanR: Kanamycin-resistance, Kans:
Kanamycin sensitive, P: significance level

- 123 -

respectively, a similar 1:1 ratio was observed (Table 3). However, in the reciprocal cross
only a small proportion (6% ± 4%) of the F2 was kanamycin-resistant (Table 4).
When heterozygous atnup1-3 plants were allowed to self-pollinate, about 64% ± 3% of
the F2 seedlings were kanamycin-resistant (Table 5). When wild-type Landsberg erecta
plants were used as pollen donor and atnup1-3 was used as pollen recipient, a 1:1 ratio
was observed (Table 6). However, the reciprocal cross showed that only a small
proportion (12% ± 2%) of the F2 seedlings displayed kanamycin resistance (Table 7).
Taken together, these results suggest that the reduced fertility phenotype observed in
atnup1-1 and the homozygous lethal phenotype observed in atnup1-2 are due to defective
pollen.
Following the reciprocal crosses, attempts were made to determine the cause(s) of the
pollen defect. When the atnup1-1 pollen grains were examined under the light
microscope, morphological defects, such as smaller and shrunken pollen grains, could be
observed in a small proportion (6% ± 3%) of the pollen grains (Fig. 30A). An in vitro
pollen germination assay showed a significant decrease in the germination rate of the
atnup1-2 pollen (39.8% ± 9.5%) compared to that of wild-type (74.7% ± 6.5%)
(Fig. 30B).
One hypothesis to explain the 1:1 segregation ratio observed in the reciprocal cross is that
each microsporocyte from the heterozygous T-DNA parental plants produces four
microspores, two with a wild-type AtNUP1 allele and two with a T-DNA mutant allele. If
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Table 3. Cross using wild-type as pollen donor and atnup1-2 as pollen recipient
Cross ID

KanR

Kans

KanR %

P

atnup1-2-1/Col

154

159

49

0.78

atnup1-2-2/Col

111

98

53

0.37

atnup1-2-3/Col

133

155

46

0.19

atnup1-2-4/Col

122

118

51

0.80

atnup1-2-5/Col

165

158

51

0.70

atnup1-2-6/Col

168

207

45

0.04

atnup1-2-7/Col

113

135

46

0.16

atnup1-2-8/Col

108

129

46

0.17

atnup1-2-9/Col

338

323

51

0.56

A chi-square test was used to determine if the observed data are in agreement with
predicted data based on genetic explanation. KanR: Kanamycin-resistance, Kans:
Kanamycin sensitive, P: significance level
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Table 4. Reciprocal cross using atnup1-2 as pollen donor and wild-type as pollen
recipient
Cross ID

KanR

Kans

KanR %

P

Col-1/atnup1-2-1

3

54

5

1.43×10-11

Col-2/atnup1-2-2

9

68

12

1.77×10-11

Col-3/atnup1-2-3

1

69

1

4.38×10-16

Col-4/atnup1-2-4

2

21

9

7.44×10-05

Col-5/atnup1-2-5

0

37

0

1.18×10-09

Col-6/atnup1-2-6

6

71

8

1.29×10-13

Col-7/atnup1-2-7

3

108

3

2.14×10-23

Col-8/atnup1-2-8

6

159

4

1.04×10-32

Col-9/atnup1-2-9

10

55

15

2.38×10-08

Col-10/atnup1-2-10

9

162

5

1.27×10-31

Col-11/atnup1-2-11

0

29

0

7.24×10-08

Col-12/atnup1-2-12

1

55

2

5.35×10-13

Col-13/atnup1-2-13

9

132

6

3.83×10-25

Col-14/atnup1-2-14

9

88

9

1.05×10-15

Col-15/atnup1-2-15

13

147

8

3.19×10-26

Col-16/atnup1-2-16

9

88

9

1.05×10-15

A chi-square test was used to determine if the observed data are in agreement with
predicted data based on genetic explanation. KanR: Kanamycin-resistance, Kans:
Kanamycin sensitive, P: significance level
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Table 5. Segregation in atnup1-3 selfed F2 seeds
atnup1-3 line

KanR

Kans

KanR %

P

atnup1-3-1

64

44

59

0.054

atnup1-3-2

82

45

65

0.001

atnup1-3-3

60

37

62

0.020

atnup1-3-4

180

89

67

2.88×10-08

atnup1-3-5

87

49

64

0.001

A chi-square test was used to determine if the observed data are in agreement with
predicted data based on genetic explanation. KanR: Kanamycin-resistance, Kans:
Kanamycin sensitive, P: significance level
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Table 6. Cross using wild-type as pollen donor and atnup1-3 as pollen recipient
Cross ID

KanR

Kans

KanR %

P

atnup1-3-1/Ler

47

45

51

0.84

atnup1-3-3/Ler

68

87

44

0.13

atnup1-3-4/Ler

90

74

55

0.21

atnup1-3-5/Ler

34

35

49

0.90

atnup1-3-6/Ler

60

47

56

0.21

atnup1-3-7/Ler

50

58

46

0.44

A chi-square test was used to determine if the observed data are in agreement with
predicted data based on genetic explanation. KanR: Kanamycin-resistance, Kans:
Kanamycin sensitive, P: significance level
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Table 7. Reciprocal cross using atnup1-3 as pollen donor and wild-type as pollen
recipient
KanR

Kans

KanR %

P

Ler/atnup1-3-1

16

103

13

1.52×10-15

Ler/atnup1-3-2

10

86

10

8.72×10-15

Ler/atnup1-3-3

13

110

11

2.21×10-18

Ler/atnup1-3-4

16

98

14

1.59×10-14

Ler/atnup1-3-5

13

108

11

5.8×10-18

Ler/atnup1-3-6

19

128

13

2.47×10-19

A chi-square test was used to determine if the observed data are in agreement with
predicted data based on genetic explanation. KanR: Kanamycin-resistance, Kans:
Kanamycin sensitive, P: significance level
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Figure 30. Pollen defect in atnup1-1.
A. Mature pollen from an open atnup1-1 flower observed with a microscope. The
defective pollen grains were indicated by the arrows. Scale bar = 50 μm.
B. Pollen germination rate on in vitro germination medium. The error bars represents the
standard deviation of 3 biological replicates. A t-test was performed to compare the two
data sets, P=0.007.

- 130 -

Figure 30. Pollen defect in atnup1-1

- 131 -

the mutant microspores cannot survive, then only wild-type pollen can develop. As a
result, the segregation will be purely based on the genotype of the female gametophyte,
giving a 1:1 ratio for the T-DNA in the progeny.
To test this hypothesis, the construct ProAtNUP1::AtNUP1-YFP was introduced into
heterozygous atnup1-2 plants via Agrobacterium-mediated transformation. Positive
transgenic lines were selected and allowed to self-pollinate to generate the T2 populations.
T3 seeds were collected from individual T2 plants. Individual T3 plants showing YFP
expression were allowed to self-pollinate. T4 seeds were then germinated on selective
plates to trace back the T-DNA genotype of their T3 parents by determining the
segregation of the kanamycin resistance. This was necessary because the PCR-based
method can only confirm the presence of the T-DNA insertion but cannot distinguish
between heterozygous and homozygous plants due to the presence of the second AtNUP1
copy from ProAtNUP1::AtNUP1-YFP. TAIL-PCR was employed to clone the flanking
sequences of the ProAtNUP1::AtNUP1-YFP insertion sites in three different T2 lines,
allowing to design PCR primers to genotype the ProAtNUP1::AtNUP1-YFP in T3 and T4
plants. Only data from individuals with homozygous atnup1-2 T-DNA insertion and
heterozygous ProAtNUP1::AtNUP1-YFP were collected for analysis. Based on the proposed
hypothesis, two of the four tetrad cells from the plants which have atnup1-2 homozygous
alleles and ProAtNUP1::AtNUP1-YFP heterozygous alleles should show the YFP signal as
they survive and continue to develop into mature pollen. The other two tetrad cells

- 132 without the ProAtNUP1::AtNUP1-YFP should defective and unable to undergo further
development.
An YFP signal was clearly observed in different stages during pollen development
(Fig. 31A to D). The YFP fluorescence was mainly found to be associated with the
nuclear periphery, which is the typical localization pattern of nucleoporins. Surprisingly,
in almost all of the tetrad cells inspected (>200), the YFP signal was detected in all four
nuclei (Fig. 31E and F), which is inconsistent with the prediction. YFP expression in the
mature pollen was also analyzed. Even though all of the morphologically defective
mature pollen grains displayed no YFP signal, some of the pollen without YFP looked
normal under the microscope (data not shown). Further work will be necessary to reveal
the mechanism(s) causing the pollen defects.

3.5.6 AtNUP1 is required to guide the pollen tube to the micropyle
The female gametophyte of Arabidopsis is developed within ovules, which are contained
within a carpel (Yadegari and Drews, 2004). After the pollen grain reaches the stigma,
pollen tubes germinate on the stigmatic papillae cells, penetrate the stigma, and enter into
the transmitting tissue. The sperm cells in the pollen tube are delivered over a relative
long distance to the ovule by a process known as pollen tube guidance. From the bundle
of pollen tubes in the transmitting tissue, one will elongate along the stalk of the ovule
and enter the micropyle to finish fertilization.
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Figure 31. Expression of ProAtNUP1::AtNUP1-YFP during pollen development.
A to D: ProAtNUP1::AtNUP1-YFP expression in the (A) microsporocyte, (B) after first
meiosis, (C) tetrad cells and (D) mature pollen. Scale bar = 10 μm.
E and F: YFP signal in all the four nuclei of a tetrad cell in a plants which carries a
homozygous atnup1-2 T-DNA allele and heterozygous ProAtNUP1::AtNUP1-YFP. Scale
bar = 10 μm.
Images are shown as merged confocal YFP and bright-field images.
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Figure 31. Expression of ProAtNUP1::AtNUP1-YFP during pollen development
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To test the effect of atnup1 on female gamete formation and fertilization, the ovules in the
pistils of different atnup1 alleles were examined and found to look normal compared to
those of the wild-type plants (data not shown). Pollination tests were then conducted to
determine if the pollen tubes could grow normally and properly complete the fertilization
process. For this purpose, the anthers were removed from the atnup1-1 unopened flower
buds to avoid self-pollination. These stigmas were then manually pollinated using either
atnup1-1 or wild-type (Col) pollen as donors.
Observations at various time points after pollination revealed that pollen tube growth in
atnup1-1 was not affected (Fig. 32A), since the pollen tubes could germinate, grow and
reach the bottom part of the carpel within 24 h, similar to wild-type (Fig. 32B). This
suggested that the mutant carpel did not affect either the style penetration or growth rate
of the pollen tubes. However, when atnup1-1 was used as a pollen donor, many pollen
tubes passed through the transmitting tissue without penetrating the micropyle (Fig. 33A).
The ratio of pollen tubes that successfully attained an ovule at the micropyle was reduced
(Fig. 33B). This indicates that AtNUP1 might be required for proper guidance of pollen
tube growth, targeting the ovule. Taken together, these results suggest that AtNUP1-1
plays important roles in proper pollen development and pollen tube guidance, which are
required for successful fertilization and seed production.
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Figure 32. Pollen tube growth in the atnup1 mutant.
The atnup1-1 stigmas were pollinated with wild-type (Col) and atnup1-1 pollen. The
styles were collected and fixed at (A) 8 h and (B) 24 h after pollination. The pollen tubes
were stained using DABS and observed with a Zeiss Axioskop 2 plus fluorescence
microscope using the DAPI setting. Scale bar = 1 mm.
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Figure 32. Pollen tube growth in the atnup1 mutant
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Figure 33. Pollen tube guidance defect in atnup1.
A. Micropyle of atnup1-1 ovules when pollinated with wild-type or atnup1-1 pollen,
respectively, showing the wild-type (Col) pollen tube entered the micropyle (left) but not
the atnup1-1 (right), even many pollen tubes passed through the atnup1-1 ovule. The
pollen tubes were stained with DABS and imaged under a Zeiss Axioscop 2 plus
fluorescence microscope 24 h after pollination. The arrow indicates the micropyle. Scale
bar = 50 μm.
"s": stalk, "m": micropyle (opening), "*": pollen tube
B. Percentage of micropyles that are penetrated by a pollen tube when atnup1-1 stigmas
were pollinated with wild-type (Col) and atnup1-1 pollen, respectively. The pollen tubes
were stained by DABS and observed 24 h after pollination. Penetration of pollen tube
into the micropyle was observed and counted with a Zeiss Axioscop 2 plus fluorescence
microscope. The error bars represents the standard deviation from 6 biological replicates.
A t-test was performed to compare the two data sets, P=0.004.
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Figure 33. Pollen tube guidance defect in atnup1
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3.6 Co-response analysis provides supporting evidence that TREX-2 is
involved in mRNA export
Based on the assumption that transcriptional control of related genes should be reflected
in synchronous changes in the transcript levels, cross experiment co-response analysis
can provide a bioinformatics approach to investigate whether a set of genes are
functionally related. Co-response analysis describes common changes among genes in the
transcript levels at different developmental stages as well as various biotic and abiotic
treatments. Publicly available expression data provides a rich resource for cross
experiment investigations. The open access comprehensive systems-biology database
(CSB.DB, http://csbdb.mpimp-golm.mpg.de) provides access to co-response analysis
based on a large number of independent expression profiling experiments (Steinhauser et
al., 2004). This tool allows development of a hypothesis about the functional interaction
of genes encoding the putative Arabidopsis TREX-2 components.
The transcriptional co-response data of ESSP1/AtTHP1, AtSAC3A, AtSAC3B and AtNUP1
were successfully retrieved from the Arabidopsis thaliana co-response database
(http://csbdb.mpimp-golm.mpg.de/csbdb/dbcor/ath.html),

based

on

non-parametric

Spearman's Rho rank correlation assay (Sokal and Rohlf, 1995). A total of 1162 (11.99%)
out of 9694 genes showed co-response similar to AtNUP1 expression (Fig. 34),
suggesting that AtNUP1 may play a rather “general” role in various pathways. Also
AtSAC3B showed a similar nuclear periphery localization, it has only 507 (5.23%)
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AtSAC3B may play a more specific role than AtNUP1. It was also observed that
AtSAC3A had 327 (3.37%) co-response genes while ESSP1/AtTHP1 had only 77 (0.79%).
Based on these data, ESSP1/AtTHP1 seems to be the candidate that has the most specific
function. ESSP1/AtTHP1 also has 53 co-response genes in common with AtSAC3B,
which correspond to 68.83% of the co-response genes in ESSP1/AtTHP1, suggesting that
they act together. AtSAC3A shares only 22 co-response genes with AtSAC3B and
ESSP1/AtTHP1, accounting for 6.73% of the total number of the AtSAC3A co-response
genes. Thus, it is reasonable to speculate that the related functions of AtSAC3A may not
be tightly associated with ESSP1/AtTHP1 and AtSAC3B. Of the 21 genes, that were
shared among ESSP1/AtTHP1, AtSAC3A, AtSAC3B and AtNUP1 (Fig. 34), more than
half were either involved in RNA processing, such as splicing factors, mRNA capping
enzyme, mRNA surveillance-related proteins, or localized at the nuclear periphery
(Table 8). These data provide another level of supporting evidence that these proteins
might act in the same complex/pathway to regulate mRNA export.
The data set for AtSAC3B was submitted to GOEAST (Gene Ontology Enrichment
Analysis Software Toolkit, http://omicslab.genetics.ac.cn/GOEAST/index.php) (Zheng
and Wang, 2008) and all 507 probe sets were successfully mapped to 1498 GO terms.
Among these, significant (P<0.05) enrichments were observed in 74 GO biological
process terms (Appendix IX), some of which were involved in RNA processing, such as
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Figure 34.Venn diagram showing unique and shared co-response genes.
Co-response genes of ESSP1/AtTHP1, AtNUP1, AtSAC3A and AtSAC3B were retrieved
from the Arabidopsis co-response database and compared. Twenty-one genes were shared
among the data sets for the four genes.
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Figure 34.Venn diagram showing unique and shared co-response genes
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Table 8. List of co-response genes shared among ESSP1/AtTHP1, AtNUP1, AtSAC3A
and AtSAC3B *.
Gene

Gene product description

AT1G55325

Arabidopsis homolog of the transcriptional regulator MED13

AT1G60200

Splicing factor PWI domain-containing protein

AT3G11540

Gibberellin signal transduction protein

AT3G54230

Splicing factor SUA

AT3G06670

Expressed protein

AT1G70620

Weak similarity to cylicin I

AT3G05040

Member of importin/exportin family. Involved in miRNA transport.

AT1G33980

Involved in mRNA surveillance

AT2G31970

Putative RAD50 DNA repair protein.

AT3G45190

SIT4 phosphatase-associated family protein

AT1G75660

XRN3, acts as a suppressor of posttranscriptional gene silencing.

AT1G15280

eIF4AIII binding

AT4G21710

RNA polymerase II subunit 2

AT2G22720

SPT2 chromatin protein

AT3G19670

Functions as a scaffold for RNA processing machineries.

AT3G09100

mRNA capping enzyme family protein

AT4G01880

Methyltransferases; involved in tRNA processing;
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Gene

Gene product description

At5g13020

Emsy N terminus domain-containing protein

At1g64050

expressed protein

At4g15880

Ulp1 family protein; SUMO protease, located at the periphery of the nucleus

At5g53570

RabGAP/TBC domain-containing protein

* Gene product descriptions were retrieved from The Arabidopsis Information Resource (TAIR) database.
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(mRNA

processing,

P=9.02×10-7),

GO:0008380

(RNA

splicing,

P=4.04×10-5), GO:0031087 (deadenylation-independent decapping of nuclear-transcribed
mRNA, P=0.0131). In addition, a few GO terms, involved in chromatin organization and
modification, also showed significant enrichment. This provides a potential area to
explore in future research.
A similar GO term enrichment analysis was performed for AtNUP1. Altogether, 1162
probe sets were mapped to 2154 GO terms, among which 159 GO biological process
terms and 47 GO molecular function terms were significantly enriched. This is consistent
with the expectation that AtNUP1 is involved in a broader range of biological processes.
Similar to the GO terms in AtSACB, GO:0006397 (mRNA processing, P=2.39×10-30) and
GO:0008380 (RNA splicing, P=3.59×10-21) were also enriched in AtNUP1 co-response
genes. More GO terms, associated with the proposed function of AtNUP1, have been
identified, such as GO:0051028 (mRNA transport, P=0.00013), GO:0006405 (RNA
export from nucleus, P=0.00158), GO:0000398 (nuclear mRNA splicing via spliceosome,
P=1.19×10-9), GO:0035196 (production of miRNAs, P=0.002) and GO:0030422
(production of siRNA, P=0.0015).

3.7 Purification of the in vivo TREX-2 complex
3.7.1 Tagged ESSP1/AtTHP1 is expressed and functional
To gain direct evidence that ESSP1/AtTHP1 and AtSAC3s are components of the
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purify the in vivo TREX-2 complex. To generate transgenic lines, a series of tagged
ESSP1/AtTHP1 were constructed (Fig. 35A) and introduced into essp1 plants via
Agrobacterium-mediated transformation. The genomic integration of the fusion
constructs was confirmed by PCR genotyping of the T2 and T3 plants. The essp1 mutant
phenotype was complemented in all transgenic lines, regardless of the construct used
(data not shown), as the transgenic plants looked like wild-type with no GUS staining at
the leaf margin. In the 35S::ESSP1-HA-YFP line, YFP signal was detected in the root of
transgenic plants, indicating that ESSP1/AtTHP1 was expressed and the fusion to the YFP
and HA tag did not interrupt the function of ESSP1/AtTHP1. To further examine the
expression of the tagged proteins, Western blotting was performed. Nuclear proteins were
extracted and separated on SDS-PAGE. After transferring to the PVDF membrane,
different antibodies (anti-HA, anti-FLAG) were used to detect the tagged proteins from
corresponding transgenic lines. Specific bands of expected sizes were observed in the
transgenic lines but not in the wild-type (Fig. 36B). This provided further evidence that
the tagged ESSP1/AtTHP1 was expressed in the transgenic plants.

3.7.2 Attempts to purify the in vivo TREX-2 complex
Nuclei from the transgenic lines were used to purify the in vivo TREX-2 complex by
incubating the protein extracts with appropriate antibody-conjugated beads. In the first
few trials, several “specific” bands, which were only present in the tagged samples, were
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Figure 35. Transgenic plants for affinity purification.
A. Diagram of the constructs used to generate transgenic plants expressing tagged
ESSP1/AtTHP1. The colored boxes represent different tags, green: HA, purple: FLAG,
orange: cMyc. Names in brackets were used in B instead of the full construct name.
These

constructs

were

transformed

into

the

essp1

background

via

Agrobacterium-mediated transformation except for the BiFC line, which was created by
crossing the 35S::ESSP1-nFLAG-YC and 35S::AtSAC3A-YN plants.
YC: C-terminus of YFP, YN: N-terminus of YFP, CDS: coding sequence, Hyg:
hygromycin-resistance, BAR: BASTA-resistance.
B. Western blots showing the expression of tagged ESSP1/AtTHP1 in the transgenic lines.
The antibodies used for detection are indicated on the right. The same amount of nuclear
protein was loaded in each lane.

- 149 -

Figure 35. Transgenic plants for affinity purification
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Figure 36. Subcellular localization of AtDSS1s.
A and B: Transient expression of (A) 35S::AtDSS1(I)-YFP and (B) 35S::AtDSS1(V)-YFP
in N. benthamiana leaf epidermal cells. YFP signal was observed 24 h after infiltration.
Scale bar = 40 μm
C and D: Root tips from transgenic Arabidopsis expressing (C) 35S::AtDSS1(I)-YFP and
(D) 35S::AtDSS1(V)-YFP in the wild-type background. Scale bar = 40 μm.
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Figure 36. Subcellular localization of AtDSS1s
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observed after separating the purified proteins on SDS-PAGE followed by silver staining.
These specific bands were sent for a MALDI-MS identification of the peptides.
Unfortunately, none of the bands contained known components of the TREX-2 complex
(Table 9), nor the tagged ESSP1/AtTHP1 protein which was used as a bait. The
in-solution digestion was also performed during the MALDI-MS identification of the
peptides. Regrettably, even though Western blotting indicated the presence of tagged
ESSP1/AtTHP1 in the crude protein extracts, the bait protein was not detectable in the
purified proteins using MALDI-MS (data not shown). Other attempts were made to
purify the in vivo TREX-2 complex using different tagged lines, tissues or cell types, but
none yielded useful data containing known ESSP1/AtTHP1 interacting partners. Further
work still needs to be carried out to purify the in vivo complex.

3.8 Arabidopsis DSS1s are associated with both TREX-2 and the 26S
proteasome
Dss1, also known as Sem1 in yeast, is a small conserved acidic protein found in yeast,
animals and plants (Wilmes et al., 2008). Sem1/Dss1 has a proteasome-independent role
in mRNA export as a functional component of the TREX-2 complex (Wilmes et al.,
2008). The association of Dss1 with TREX-2 requires both Thp1 and Sac3, and it has
been shown that Dss1 is required for proper targeting of Thp1 to the NPC (Faza et al.,
2009). Two orthologs of DSS1, designated as AtDSS1(I) and AtDSS1(V) based on the
chromosomal locations of their coding sequence, have been identified in Arabidopsis
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purification using anti-HA conjugated beads.
Accession

Mass (Da)

Score

Description

gi|15223730

217226

120

unknown protein

gi|10177935

154702

107

copia-type polyprotein

gi|12322452

154760

107

putative copia-type polyprotein

gi|12039053

140018

99

F6N18.1

gi|42572655

45467

93

unknown protein

gi|15240607

29410

93

unknown protein

gi|10176701

153983

92

copia-like retrotransposable element

gi|9843651

102432

92

SRM102

gi|13877525

17621

90

S18.A ribosomal protein

gi|15238179

63039

86

myosin heavy chain-related

gi|22331765

45709

85

unknown protein

gi|42568895

151164

84

EMB1579; binding

gi|3548815

143701

83

putative calmodulin

gi|15223857

29958

81

unknown protein

gi|30684163

100477

81

unknown protein

gi|7269400

40329

81

splicing factor At-SRp40

gi|1173249

92660

81

chloroplast 30S ribosomal protein S3

gi|15219950

17591

80

structural constituent of ribosome

gi|30683726

25357

78

structural constituent of ribosome

gi|17682

25297

78

Wilm's tumor suppressor homologue

gi|6573720

43472

78

T23E18.17

gi|18408550

25312

78

structural constituent of ribosome

gi|6685541

111894

77

eIF 3 subunit 10
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(Dray et al., 2006). AtDSS1(V) has been identified as an interacting partner of
ESSP1/AtTHP1 in the Y2H assay (section 3.2 Table 1). Therefore it was decided to
determine if the AtDSS1s are component(s) of the TREX-2 complex.

3.8.1 AtDSS1s are localized in both the cytoplasm and nucleus
In yeast, Dss1 was localized in both the cytoplasm and nucleus (Thakurta et al., 2005;
Matsuyama et al., 2006). The subcellular localization of AtDSS1s was examined to test if
they show similar localization as that of the yeast Dss1.
For the transient expression assay, 35S::AtDSS1(I)-YFP and 35S::AtDSS1(V)-YFP, were
introduced into N. benthamiana leaf epidermal cells via Agribacterium-mediated
transformation. A YFP signal was observed in the cytoplasm as well as in the nucleus for
both AtDSS1(I) and AtDSS1(V) (Fig. 36A and B). To generate stable transgenic lines,
constructs expressing 35S::AtDSS1(I)-YFP and 35S::AtDSS1(V)-YFP were introduced
into wild-type (Col) via Agrobacterium-mediated transformation. In both transgenic lines,
YFP signal was detected in the cytoplasm as well as in the nucleus, with a stronger
intensity in the latter (Fig. 36C and D).

3.8.2 AtDSS1s interact with ESSP1/AtTHP1 and other components of the 26S
proteasome
The interactions of AtDSS1s with different components in TREX-2 and 26S proteasome
were examined using Y2H and BiFC.
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(Fig. 37). Both AtDSS1s showed interactions with RPN3A and RPN3B (Fig. 37), which
are components of the lid of the 26S proteasome.
Using the BiFC assay, AtDSS1(I) was found to interact with the putative TREX-2
complex components ESSP/AtTHP1, AtSAC3A, AtCEN1, AtNUP1 and AtSUS1
(Fig. 38A to E ). It also interacted with 26S proteasome components RPN12A, RPN12B,
RPN3A, RPN3B and UCH1 (Fig. 38F to J). The YFP signal patterns were consistent with
the fact that, in all of these cases, the interacting partners were located in both the nucleus
and cytoplasm, except for AtSAC3A and AtNUP1. The BiFC signals for AtSAC3A and
AtNUP1 were observed only in the nucleus (Fig. 38B) and along the nuclear periphery
(Fig. 38C), respectively. AtDSS1(V) also interacted with all of the proteins with which
AtDSS1(I) interacted (Fig. 39A to J), and with AtSAC3B in which YFP signal was
detected only in the nucleus (Fig. 39K).

3.8.3 mRNA export in atdss1s
In yeast, Dss1 is required for mRNA export (Mannen et al., 2008). To test if AtDSS1s are
required for mRNA export, T-DNA and RNA interference (RNAi) lines were used
(Fig. 40A). The only available T-DNA line, GK-127A04 (atdss1(v)-1) (Fig. 40A), is a
knockout line for AtDSS1(V), based on RT-PCR analysis (data not shown). So far, there
is no T-DNA insertion line available for AtDSS1(I). An RNAi construct was generated by
cloning a AtDSS1(I) fragment into a pHELLSGATE12 vector, which was then introduced
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Figure 37. Y2H assay showing AtDSS1s interacting partners.
Yeast two-hybrid assay to test for interactions between AtDSS1 and ESSP1/AtTHP1 and
26S proteasome subunit RPN3s. Both AtDSS1(I) and AtDSS1(V) interact with RPN3A
and RPN3B but only AtDSS1(V) interacts with ESSP1/AtTHP1, which implies AtDSS1(I)
and AtDSS1(V) are functionally redundant but also have different functions
Yeast strains were either plated on SD -Trp/-Leu or SD -Trp/-Leu/-His/-Ade dropout
medium to determine the ability to grow and to identify positive interactions, respectively.
Series of 10-fold dilutions of the co-transformed yeast cultures were spotted and
incubated at 30 oC for 2-4 d.
BD and AD, proteins fused with Gal4 DNA binding and activation domains, respectively.
pGBKT7 and pGADT7-Rec are empty vectors for BD and AD, respectively, and are used
as negative controls. Data for positive interaction are shown, together with their controls.
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Figure 37. Y2H assay showing AtDSS1s interacting partners
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Figure 38. BiFC assay showing interactions between the AtDSS1(I) and its interacting
partners.
N. benthamiana leaves were co-transformed with constructs expressing proteins fused to
the N- and C-terminus of YFP, respectively. Images were recorded 48-72 h after
infiltration using a Leica TCS SP2 confocal microscope. Images are shown as confocal
YFP images. The arrows indicate the BiFC signal in (B) nucleus and along (C) nuclear
periphery. Scale bar = 40 μm
Data from A, B and C have been shown in previous figures. They are included here for
comparison. All negative controls did not show an YFP signal and therefore are not
shown. See Figure 12 (I and J) for typical negative control images.
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Figure 38. BiFC assay showing interactions between the AtDSS1(I) and its interacting partners
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Figure 39. BiFC assay showing interactions between the AtDSS1(V) and its interacting
partners.
N. benthamiana leaves were co-transformed with constructs expressing proteins fused to
the N- and C-terminus of YFP, respectively. Images were recorded 48-72 h after
infiltration using a Leica TCS SP2 confocal microscope. Images are shown as confocal
YFP images. The arrowheads indicate the BiFC signal in (B) nucleus and along (C)
nuclear periphery. Scale bar = 40 μm.
Data from A, B and C have been shown in previous figures. They are included here for
comparison. All negative controls did not show an YFP signal and therefore are not
shown. See Figure 12 (I and J) for typical negative control images.
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Figure 39. BiFC assay showing interactions between the AtDSS1(V) and its interacting partners
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Figure 40. Structure of AtDSS1(I) and AtDSS1(V).
A. Structure of AtDSS1(I) and AtDSS1(V) and the location of T-DNA insertion site
(triangle) in the mutant allele are shown. Boxes and lines represent exons and introns,
respectively.
B. Sequence alignments for the DSS1 protein family. Homologous sequences were
aligned using ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2). “*”: an identical in
all species, “.” and “:” : residues that are conserved but non-identical, Dashes: gaps
introduced to optimize sequence alignment. The box indicates the R3IM (Wei et al.,
2008) motif, which is important for the interaction with RPN3s.
C. RT-PCR analysis of the expression of AtDSS1(I) in wild-type and RNAi line
atdss1(i)-1. ACTIN 2 was used as an internal control.
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Figure 40. Structure of AtDSS1(I) and AtDSS1(V)
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into wild-type (Col) via Agrobacterium mediated transformation, creating transgenic line
atdss1(i)-1. The atdss1(i)-2 atdss1(v)-1 was generated by crossing. The RNAi line
atdss1(i)-1 was found to be a knockdown line as the AtDSS1(I) transcripts were still
detected by RT-PCR, but at a much lower level (Fig. 40C). The atdss1(i)-1 plants as well
as the atdss1(i)-2 atdss1(v)-1 double mutant plants did not show any morphologic
phenotype (data not shown). The mRNA export assay was performed using 10-day-old
leaves from atdss1(v)-1, atdss1(i)-1 and atdss1(i)-2 atdss1(v)-1, respectively. Surprisingly,
there was no accumulation of poly(A) mRNA in the nucleus of any of these mutants
(Fig. 41), which is consistent with the wild-type-like phenotype. The data indicate that
these two AtDSS1s might act in a redundant manner in mRNA export and that the RNAi
induced knockdown was not sufficient to disrupt the function of both AtDSS1s.

3.9 UCH1 and UCH2 are physically associated with the 26S proteasome
In yeast, the Uch2 (Uch37 in humans) is the major deubiquitinating enzyme associated
with the 26S proteasome, which contributes to and regulates the proteasome activity
(Stone et al., 2004). In Arabidopsis, three genes encoding UCHs, designated UCH1 to 3,
have been identified (Yang et al., 2007). The C-terminus of human UCH37 and yeast
Uch2 orthologs have been reported to interact with the RPN12 and RPN10 subunits of
the proteasome, respectively (Li et al., 2001; Stone et al., 2004). Since the Arabidopsis
UCH1and UCH2 have a similar C-terminal extension, Yang et al. (2007) attempted but
failed to detect a direct association of UCH1 and UCH2 with the proteasome, either by

- 165 -

Figure 41. mRNA export in atsdss1(v)-1, atdss1(i)-1 and atsdss1(v)-1 atdss1(i)-1.
mRNA export assay by whole-mount in situ localization of poly(A) RNA for wild-type
(Col), atsdss1(v)-1, atdss1(i)-1 and atsdss1(v)-1 atdss1(i)-1. No accumulation of poly(A)
mRNA was observed in the nuclei. Leaves from 10-day-old seedlings were used. Scale
bar = 40 μm.
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Figure 41. mRNA export in atsdss1(v)-1, atdss1(i)-1 and atsdss1(v)-1 atdss1(i)-1
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analyzing isolated proteasome components or by Y2H assays.
During the Y2H library screen described in section 3.2, a truncated version of AtUCH1
(AtUCH1123-334) was uncovered as an interacting partner of ESSP1/AtTHP1 (Table 1).
Considering that the AtDSS1s are also associated with both TREX-2 and 26S proteasome,
it is possible that these complexes associate to facilitate mRNA export. To test this
possibility, the physical interaction of UCH1 and UCH2, as well as their C-terminal
extensions (UCH1124-334 and UCH2123-330) (Fig. 42A), were tested with components of the
TREX-2 and 26S proteasome by both directed Y2H and BiFC assays.
In the Y2H assay, UCH1 and UCH2 interacted with each other as well as with AtDSS1(V)
(Fig. 43B). As for the truncated versions, UCH1124-334 and UCH2123-330 interacted with
several components of the proteasome lid complex, RPN3s, RPN12s, and AtDSS1(V)
(Fig. 43 and 44). Their interactions were also observed with the putative TREX-2
components ESSP1/AtTHP1, AtSAC3B, AtCEN1 (Fig. 43 and 44).
In the BiFC assay, UCH1 and UCH2 interacted with TREX-2 components, displaying an
YFP signal in the nucleus and cytoplasm with ESSP1/AtTHP1, AtSAC3B, AtCEN1 and
AtSUS1 (Fig. 45A, C and D), in the nucleus with AtSAC3B (Fig. 46B), and in the
nuclear periphery with AtNUP1 (Fig. 45E). UCH1 also interacted with the 26S
proteasome components RPN12s, AtDSS1s and RPN3B (Fig. 45F to J), producing YFP
signals that were localized in the nucleus and cytoplasm. UCH2 showed similar
interactions as those of UCH1 (data not shown). Overall, these data suggest that the
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Figure 42. Y2H assay showing interactions between UCHs and AtDSS1(V).
A. Schematic representations of UCH1, UCH1124-334, UCH2 and UCH2123-330. The
ubiquitin hydrolase activity domain and C-terminal extension are shown as black and
white boxes, respectively. The numbers indicate the amino acid positions.
B. Y2H assay between full length UCH1, UCH2 and AtDSS1(V).
Yeast strains were either plated on SD -Trp/-Leu or SD -Trp/-Leu/-His/-Ade dropout
medium to determine the ability to grow and to identify positive interactions, respectively.
Series of 10-fold dilutions of the co-transformed yeast cultures were spotted and
incubated at 30 oC for 2-4 d.
BD and AD, proteins fused with Gal4 DNA binding and activation domains, respectively.
pGBKT7 and pGADT7-Rec are empty vectors for BD and AD, respectively, and are used
as negative controls. Data for positive interaction are shown, together with their controls.
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Figure 42. Y2H assay showing interactions between UCHs and AtDSS1(V)
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Figure 43. Y2H assay showing UCH1124-334 interacting partners.
Y2H assay showing interactions between UCH1124-334 and its interacting partners.
Yeast strains were either plated on SD -Trp/-Leu or SD -Trp/-Leu/-His/-Ade dropout
medium to determine the ability to grow and to identify positive interaction, respectively.
Series of 10-fold dilutions of the co-transformed yeast cultures were spotted and
incubated at 30 oC for 2-4 d.
BD and AD, proteins fused with Gal4 DNA binding and activation domains, respectively.
pGBKT7 and pGADT7-Rec are empty vectors for BD and AD, respectively, and are used
as negative controls. Data for positive interaction are shown, together with their controls.
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Figure 43. Y2H assay showing UCH1124-334 interacting partners
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Figure 44. Y2H assay showing UCH2123-330 interacting partners.
Y2H assay showing interactions between UCH2123-330 and its interacting partners.
Yeast strains were either plated on SD -Trp/-Leu or SD -Trp/-Leu/-His/-Ade dropout
medium to determine the ability to grow and to identify positive interaction, respectively.
Series of 10-fold dilutions of the co-transformed yeast cultures were spotted and
incubated at 30 oC for 2-4 d.
BD and AD, proteins fused with Gal4 DNA binding and activation domains, respectively.
pGBKT7 and pGADT7-Rec are empty vectors for BD and AD, respectively, and are used
as negative controls. Data for positive interaction are shown, together with their controls.
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Figure 44. Y2H assay showing UCH2123-330 interacting partners
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Figure 45. BiFC assay showing interaction between the UCH1 and its interacting
partners.
N. benthamiana leaves were co-transformed with constructs expressing proteins fused to
the N- and C-terminus of YFP, respectively. Images were recorded 48-72 h after
infiltration using a Leica TCS SP2 confocal microscope. Images are shown as confocal
YFP images. The arrows indicate the YFP signal in (B) nucleus and along (E) nuclear
periphery. Scale bar = 40 μm.
Data from A, H and I have been shown in previous figures. They are included here for
comparison. All negative controls did not show an YFP signal and therefore are not
shown. See Figure 12 (I and J) for typical negative control images.
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Figure 45. BiFC assay showing interaction between the UCH1 and its interacting partners

- 176 Arabidopsis UCH1 and UCH2 are physically associated with the proteasome and that
they may also loosely associate with TREX-2.
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Chapter 4. DISCUSSION
4.1 The Arabidopsis TREX-2 complex
In yeast, TREX-2 contains Sac3, Thp1, Sus1 and Cdc31 and anchors to the NPC via
Nup1 (Jani et al., 2012). Dss1 is also considered a component of TREX-2 (Faza et al.,
2009).
In this thesis, the Arabidopsis homologs of Thp1, Sac3, Nup1 were identified and
characterized. The localizations, physical interactions and functions of the putative
Arabidopsis TREX-2 components were tested. Based on the data presented in this thesis,
and previous studies from yeast and bioinformatics, it is strongly suggested that the
Arabidopsis TREX-2 mRNA export complex, as well as the nucleoporin in the NPC to
which TREX-2 binds, have been identified. ESSP1/AtTHP1 is proposed to be the
Arabidopsis ortholog of yeast Thp1. AtSAC3B and AtSAC3A are likely the Arabidopsis
homologs of yeast Sac3. AtNUP1 is the Arabidopsis homolog of yeast Nup1. AtCEN1
and AtCEN2 are Arabidopsis homologs of the yeast Cdc31. AtDSS1s are demonstrated to
associate with both TREX-2 and the lid of 19S RP of the 26S proteasome. The finding
that UCHs are associated with both TREX-2 and 26S proteasome, together with the
AtDSS1 data, raised the possibility that the TREX-2 complex and 26S proteasome may
be functionally linked. The interaction network described in this study is summarized in
Figure 46.
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Figure 46. Schematic representation of the proposed Arabidopsis TREX-2 complex based
on protein interactions identified in this study.
At the top is a schematic representation of a NPC embedded in the nuclear membrane is
shown together with cytoplasmic filaments and nuclear basket. The interaction between
ESSP1/AtTHP1 and AtNUP1 links the Arabidopsis TREX-2 complex to the nuclear
basket. AtDSS1(I) and AtDSS1(V) are stably associated with the lid complex of the
proteasome. AtDSS1(V) is associated with the TREX-2 complex and the proteasome
independently, but may also serve as a link to recruit the 26S proteasome to the TREX-2
complex and NPC when required. UCH1 and UCH2 can act as a linker between the
TREX-2 complex and 26S proteasome. The interacting partner of AtSUS1 remains to be
identified.
RP: regulatory particle.
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Figure 46. Schematic representation of the proposed Arabidopsis TREX-2 complex based on protein
interactions identified in this study.
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There are several lines of evidence for ESSP1 being the Thp1 ortholog. First,
bioinformatic analysis based on sequence similarity led to the speculation that
ESSP1/AtTHP1 is the yeast Thp1 ortholog (Ciccarelli et al., 2003). Second,
ESSP1/AtTHP1 is localized in the nucleus and cytoplasm (Section 3.3.1), similar to yeast
Thp1 (Gallardo and Aguilera, 2001). Third, the Y2H and BiFC data links ESSP1/AtTHP1
to other putative TREX-2 components as well as to AtNUP1 that attached to the NPC
(section 3.3.2). Lastly, the mRNA export defect observed in essp1/atthp1 (section 3.3.3)
is consistent with the finding in yeast (Fischer et al., 2002), which provides the functional
link with TREX-2.

4.1.2 AtSAC3s as the Arabidopsis homologs of yeast Sac3
In yeast, Sac3 has several functions. It acts as a scaffold of TREX-2 for the binding of
other components and has been shown to associate with Nup1. The N-terminus of Sac3
binds to Thp1, while the C-terminus associates with the NPC via Nup1 (Fischer et al.,
2002). Furthermore, the SAC3 CID domain creates the binding site for Sus1 and Cdc31
(Jani et al., 2009). Lastly, Sac3-Thp1-Dss1 forms a platform that mediates nucleic acid
binding (Ellisdon et al., 2012).
Two Arabidopsis homologs of yeast Sac3 have been characterized in this thesis. Based on
the data presented, AtSAC3B is most likely the ortholog of the yeast Sac3. There are
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using the amino acid sequence of the yeast Sac3 CID domain, it was determined that only
AtSAC3B contains a CID domain at its C-terminus (section 3.4.1), which is important for
interactions with SUS1 and CDC31 (Jani et al., 2009). Both AtSAC3A and AtSAC3C
lack this CID domain (section 3.4.1). Indeed, both Y2H and BiFC assays confirmed that
only AtSAC3B interacts with AtCEN1 and AtCEN2, two Arabidopsis homologs of the
yeast Cdc31 (Section 3.4.3). No interactions were observed for AtSAC3A and AtSAC3C
with AtCEN1 and AtCEN2. Second, both AtSAC3A and AtSAC3B were localized in the
nucleus while AtSAC3C was only found in the cytoplasm (section 3.4.2). However, only
AtSAC3B was concentrated at the nuclear periphery, consistent with the expectation that
it acts as the scaffold of TREX-2 and anchors to NPC (Ellisdon et al., 2012). Third,
AtSAC3B played a similar role as ESSP1/AtTHP1 in ethylene signaling as the atsac3b
mutant plants were hypersensitive to ethylene. Furthermore, essp1 atsac3b double
mutants showed a synergistic effect on ethylene signaling and plant development (section
3.4.6). These observations strongly suggest that AtSAC3B and ESSP1/AtTHP1 function
in the same cellular process. One possible explanation is that they are present in the same
complex and are mutually required for optimal stability and function of this complex.
Even though AtSAC3A does not have a CID domain, the sequences within N-terminus
and C-terminus still make it possible to bind ESSP1/AtTHP1 and AtNUP1, respectively.
The Y2H and BiFC data demonstrate that AtSAC3A interacts with ESSP1/AtTHP1 and
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ABA and GA3, but not under standard growth conditions (section 3.4.4), it is likely that
AtSAC3A functions in hormone response-related pathways. It is possible that AtSAC3A
is recruited to TREX-2 only under specific conditions, such as in the presence of
exogenous hormones. Except for the SAC3/GNAP domain, AtSAC3C lacks both the Nand the C-terminal flanking sequences. It showed a cytoplasmic localization (section
3.4.2) and did not interact with other TREX-2 components (section 3.4.3), therefore it is
not likely to be a homolog of yeast Sac3.
It was unexpected to find that none of the double mutants (atsac3a atsac3b, atsac3a
atsac3c, atsac3b atsac3c), nor the triple mutant (atsac3a atsac3b atsac3c), shows any
mRNA export defect or morphological phenotypes under standard growth conditions
(section 3.4.5). However, it is possible that the current mRNA export assay is not
sensitive enough, or that the leaves used in the assay were not the best tissue for
observing the defect. It is possible that the AtSAC3A and AtSAC3B are only part of
TREX-2 in specific tissues, at specific developmental stages or under specific
environmental conditions. Another possibility is that there are unidentified proteins that
may play a redundant function to AtSAC3s in mRNA export. Nevertheless, the data
presented suggest that AtSAC3B represents the best candidate as the Arabidopsis
homolog of the yeast Sac3 and that AtSAC3A is also part of TREX-2.
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In yeast, Cdc31 and Sus1 bind to the CID domain of Sac3 to facilitate mRNA export (Jani
et al., 2009). Interactions between AtSAC3B with AtCEN1 and AtCEN2 were
demonstrated (section 3.4.3). This is consistent with the findings in yeast that Sac3
interact with Cdc31 (Fischer et al., 2004; Jani et al., 2009), suggesting that the two Cdc31
homologs may also be components of the Arabidopsis TREX-2 complex.
Surprisingly, no interaction of AtSUS1 with any of the TREX-2 complex components
was detected, which is inconsistent with the findings of Sus1 in yeast (Rodriguez-Navarro
et al., 2004; Pascual-García et al., 2008). There are several possible explanations. First,
the interaction might be too weak to be detected under the current assay conditions.
Second, a mediating protein may be required for the association of AtSUS1 to TREX-2 in
Arabidopsis. Lastly, it cannot be ruled out that the AtSUS1, which was identified by
sequence comparison, is not the true yeast Sus1 counterpart.
The functional relevance of the three small proteins, AtSUS1, AtCEN1 and AtCEN2, in
mRNA export is the subject of future investigations. In addition, it is worth noting that
the homologs of yeast Sac3, Cdc31, and Dss1 are all encoded by more than one gene in
Arabidopsis. This is in line with the finding that many of the 26S proteasome subunits are
encoded by two loci in Arabidopsis (Yang et al., 2004). It remains to be investigated
whether these homologs represent functional redundancy or that they form alternative
complexes in different tissues, cell types or developmental stages.
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Nup1 is the nucleoporin that anchors the TREX-2 complex to the nuclear basket of the
NPC (Chekanova et al., 2008). A bioinformatic analysis identified AtNUP1, an
uncharacterized protein with no designated name at that time, as a nucleoporin candidate
in plants (Neumann et al., 2007). This protein was later identified as an interacting
partner of ESSP1/AtTHP1 in the Y2H screen (section 3.2) and named AtNUP1. It has a
specific subcellular localization to the nuclear periphery, which is consistent with the
expected localization of a nucleoporin and the findings in yeast (Davis and Fink, 1990).
Physical associations of AtNUP1 with TREX-2 components were demonstrated by Y2H
and BiFC (section 3.5.2). Similar to the findings with the yeast nup1 (Fischer et al., 2002),
an mRNA export defect was observed in atnup1 leaves, suggesting a role for AtNUP1 in
mRNA export. Taken together, these findings support the conclusion that AtNUP1 is the
Arabidopsis homolog of yeast Nup1. In a recent study aiming to identify all plant
nucleoporins, AtNUP1 was identified and proposed to be a plant-specific nucleoporin
(Tamura et al., 2010).

4.1.5 TREX-2 and plant development
Mutant phenotype analysis implies that the Arabidopsis TREX-2 complex may be
involved in different aspects of plant development. essp1/atthp1 displayed various
developmental defects and exhibited ectopic expression of seed storage proteins (section
3.1.1). ESSP1/AtTHP1 also functions synergistically with AtSAC3B in the ethylene
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(Christians et al., 2008). Even though AtSAC3A did not show any visible phenotype
under normal growth conditions, atsac3a was hypersensitive to ABA and GA3 (section
3.4.4). ABA also has the same effect on atsac3b, but GA3 does not (section 3.4.4).
Whether these morphological phenotypes are the result of an mRNA export defect is still
not clear. Further work will be needed to address this question.
The dosage effect of AtNUP1 expression on plant development (section 3.5.4) is
fascinating and in line with recent observations from mammalian systems (Lupu et al.,
2008; Zhang et al., 2008), reinforcing the notion of a dynamic nuclear pore as an
important regulatory mechanism (Tran and Wente, 2006). It is equally interesting to note
that AtNUP1 is required for proper pollen development (section 3.5.5) and pollen tube
guidance (section 3.5.6). These findings indicate that AtNUP1 affects relatively broad
aspects of plant development.

4.2 TREX-2 and 26S proteasome might be linked
4.2.1 AtDSS1s as potential link between TREX-2 and proteasome
It has been reported in yeast and animals that Dss1/Sem1 is associated with the 26S
proteasome and this protein is considered as a subunit of the lid complex (Schmidt et al.,
2005; Hanna and Finley, 2007) It is also regarded by others as a proteasome-interacting
protein instead of a canonical lid component (Glickman and Raveh, 2005). It is possible
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playing a specific function (Funakoshi et al., 2004; Sone et al., 2004; Faza et al., 2009;
Ellisdon et al., 2012; Jani et al., 2012). It also modulates access of nucleic acids to its
associated complexes, likely through acting as RNA and/or DNA mimic (Wilmes et al.,
2008).
Although the yeast Dss1/Sem1 is required for mRNA export (Thakurta et al., 2005;
Mannen et al., 2008), its physical association with the TREX-2 complex was only
established recently (Wilmes et al., 2008; Faza et al., 2009; Ellisdon et al., 2012). The
interaction between ESSP1/AtTHP1 and AtDSS1s was found in a Y2H screen (section
3.2), suggesting a physical link between TREX-2 and AtDSS1s. AtDSS1s were then
found to be associated with the 19S lid complex via RPN3 and UCH2 (section 3.8.2).
Thus, these data indicate that AtDSS1s are components of more than one complex. These
interaction results are similar to the results obtained in yeast (Wilmes et al., 2008) and
human cells (Baillat et al., 2005; Wei et al., 2008).
These observations become interesting when compared to the physical and functional
roles of yeast Sus1 in coupling TREX-2 and SAGA complexes (Rodriguez-Navarro et al.,
2004). Interestingly, ‘super-complexes’ containing components of both TREX-2 and
SAGA complexes have been isolated (Rodriguez-Navarro et al., 2004), which suggests
that Sus1 may serve as a linker between the two complexes. It is tempting to speculate
that AtDSS1s may have a similar role as a linker between TREX-2 and the 26S
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TREX-2 and NPC. Indeed, it has been hypothesized that the 19S RP lid complex may
play a non-proteolytic role in the remodeling of mRNP complexes, thereby, facilitating
mRNA export (Iglesias and Stutz, 2008). It has been demonstrated that the components of
the proteasome are directly and mechanistically involved in the regulation of transcription
(Baker and Grant, 2005; Collins and Tansey, 2006). By analogy, it is highly likely that
there is a role for the proteasome in facilitating mRNA export as transcription and mRNA
export are coupled processes. The proteasome was also reported to be accumulated at the
nuclear periphery in yeast (Enenkel et al., 1998). Thus, the physical link might indeed
have a functional significance.
It is still inconclusive whether AtDSS1s are involved in mRNA export since the atdss1(i)
RNAi line generated was a knockdown instead of knockout line (section 3.8.3). In
addition, many questions remain to be answered such as whether the association is stable
or transient, and whether the two AtDSS1s play redundant roles. It will be interesting to
study the plant-specific roles of these AtDSS1s.

4.2.2 UCH1 and UCH2 as components of the proteasome
UCH2 from yeast and its orthologs in animals are physically associated with the 19S RP
of the proteasome (Hoelzl et al., 2000; Stone et al., 2004). Whether it is a subunit of the
19S RP seems to be an unresolved issue (Glickman and Raveh, 2005; Schmidt et al.,
2005; DeMartino and Gillette, 2007), since there are no uniformly applied criteria for
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UCH1 and UCH2 were identified and characterized as the Arabidopsis homologs of
UCH2 (Yang et al., 2007). Attempts were made to detect their physical link with the
proteasome. Yang et al., (2007) tried both biochemical purification of the 26S proteasome
complex and Y2H assay to examine the interaction between UCH1 and UCH2 and
RPN12A or RPN10, and no interaction was detected.
The interaction data from this study provide new evidence that could link UCH1 and
UCH2 to the proteasome (section 3.9). First, it was demonstrated that AtDSS1s are
physically associated with the lid complex subunits. Furthermore, the full length UCH1
and UCH2 interact with each other and both interact with AtDSS1(V). These
observations suggest that UCH1 and UCH2 are associated with the proteasome. Even
though it could also be interpreted as inconclusive evidence since AtDSS1 is associated
with more than one distinct complex. However, given the data so far in yeast and animal
cells, the likelihood for UCH1 and UCH2 to be associated with complexes other than the
proteasome lid is rather slim. More direct evidence comes from the observation that a
truncated version of UCH1 and UCH2, which contains part of the N-terminal portion plus
the C-terminal extension (the same fragment identified in the Y2H screen), interacts with
proteasome subunits RPN3 and RPN12 (section 3.9). In addition, interactions of UCH1
and UCH2 with ESSP1/AtTHP1 and AtSAC3B were observed, suggesting a possible
physical association network, likely transient, involving NPC, TREX-2, and the 26S
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provides an explanation for the genetic redundancy observed by Yang et al. (2007).
Taken together, these data suggest that UCH1 and UCH2 interact with each other and are
physically associated with the 26S proteasome and, perhaps loosely, with the TREX-2
complex.

4.3 Roles of NPC, TREX-2, and proteasome in gene expression
An interesting GUS activity pattern along the leaf margin was observed in essp1/atthp1
leaves (section 3.1.1), suggesting a mechanism controlling the expression of a
seed-specific promoter by ESSP1/AtTHP1. A direct link between the function of
ESSP1/AtTHP1 and observed GUS phenotype could not be established at this point. It is
tempting to speculate about the roles of NPC, TREX-2 and the 26S proteasome in gene
expression, as in previous publications (Akhtar and Gasser, 2007; Alber et al., 2007;
Brown and Silver, 2007; Vierstra, 2009; Merkle, 2011). The link between NPC and gene
expression was first proposed by Blobel (1985) in his ‘gene gating’ hypothesis, which
states that every gene in the nucleus is physically linked to a particular NPC. Recent
findings support this hypothesis and favor the scenario that a gene association with a
NPC can play an active role in regulating transcription, possibly by creating a docking
surface where all the steps of gene expression are coordinated (Taddei, 2007). One of the
best known examples is the functional and physical coupling of the SAGA and TREX-2
complexes via Sus1 in the relocation and attachment of GAL genes to NPCs during
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It is also interesting to note that the 19S RP is required for the stimulation of this
SAGA-Gal4 activator interaction (Lee et al., 2005). It also enhances the recruitment of
SAGA to the promoter of GAL genes (Lee et al., 2005). The direct interaction of the 26S
proteasome with both RNA polymerase II and the transcription elongation factor Cdc68
has been demonstrated (Ferdous et al., 2001; Gillette et al., 2004) as well as the link
between the 26S proteasome and histone H3 methylation (Ezhkova et al., 2004). These
data are consistent with the idea that the proteasome plays an active role in multiple
aspects of gene expression, including the recruitment of coactivators to promoters,
initiation of transcription, and elongation (Baker and Grant, 2005). Taken together, these
results suggest that the earlier observation that proteasome are concentrated at the nuclear
periphery (Enenkel et al., 1998) might indeed have a functional relevance and that the
proteasome should be considered as an important player at the active genes in the
proximity of NPCs.
All the findings presented in this thesis suggest physical links between NPC, TREX-2
and the 26S proteasome, although some of the links could be transient. Therefore, there is
a possibility that a similar association network of NPC and other complexes may also be
present in Arabidopsis. The functional significance of such physical associations to the
expression of specific genes still needs to be investigated. Similarly, in other higher
eukaryotes, little is known about the connection between NPC and regulation of gene
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Stutz, 2010). Future investigations into the roles of Arabidopsis NPC and associated
complexes in chromatin modification and gene regulation could possibly shed light on
the link between the essp1 mutation and the observed GUS phenotype.

4.4 Future prospects
4.4.1 Purification of the in vivo TREX-2 complex
The best way to confirm the composition of the Arabidopsis TREX-2 is to purify the in
vivo complex biochemically and identify its members. Attempts have been made in this
study using the tagged ESSP1/AtTHP1 as the bait (section 3.7.1). However there are still
technical difficulties that need to be resolved before the in vivo complex can be
successfully purified. One possible problem is that the ESSP1/AtTHP1 might be at the
center of the TREX-2 complex and as the consequence, the short tag(s) attached for
purification are also embedded inside TREX-2. If this is the case, the antibody has no
direct access and cannot bind the tag, which results in the failure of purification. This
scenario explains why tagged ESSP1/AtTHP1 can be detected by Western blotting before
the purification, but not after the in vivo purification procedure (section 3.7.2). Different
tagged components, such as AtSAC3B, or multiple tagged lines using different tags could
be used to purify the Arabidopsis TREX-2 in vivo complex.
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An mRNA export defect was observed for both essp1/atthp1 (section 3.3.3) and atnup1
(section 3.5.3) seedlings. Since both seedlings are still viable, the mRNA export defect
must be partial. Whether the mutant will affect the general mRNA export efficiency or it
affects a subset of mRNAs population is still unknown. To investigate this, mRNA-Seq
whole-transcriptome analysis could be used to determine the composition and abundance
difference between total mRNA and nuclear mRNA in these mutants.

4.4.3 To generate a atdss1(i) knock out mutant
An atdss1(i) RNA interference line was generated to study the function of the AtDSS1s,
which turned out to be a knockdown instead of a knockout line (section3.8.3). Although
the AtDSS1(I) expression was at a much lower level, it might be still sufficient to produce
enough proteins to sustain normal plant growth and development. Technical advances in
recent years provide new tools to use artificial micro-RNAs to generate gene-specific
knockout lines (Liang et al., 2012). It will be worthwhile to generate the AtDSS1(I)
knockout lines based on the new artificial micro-RNA vectors, which will provide solid
evidence whether AtDSS1s are also involved in mRNA export, and whether they play
redundant roles.

4.4.4 Connecting the TREX-2 to hormone response
It is still unknown whether the Arabidopsis TREX-2 is involved in mRNA export process
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components mutant plants have different morphological phenotypes, which indicate that
the different components may play additional roles in various processes other than mRNA
export. From the data presented, both essp1/atthp1 and atsca3b mutants are
hypersensitive to ethylene, and both essp1/atthp1 and atsca3a mutants are involved in
GA3 response, while essp1/atthp1, atnup1 and atsca3a are hypersensitive to ABA
(section 3.4.4). It is reasonable to speculate that ESSP1/AtTHP1 may play a role in
general hormone response in Arabidopsis. By interacting with different partners, it may
regulate the different hormone response pathways. Whether these activities are achieved
by the TREX-2 complex or the 26S proteasome, or other novel complex(es) remain to be
investigated.
The findings from my work will allow a better understanding of how TREX-2, NPC and
proteasome work together to regulate mRNA export, transcription and other important
biological processes in plants. They also form the basics to understand how these
different machineries can be regulated for controlling gene expression across eukaryotic
systems.
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APPENDICES
Appendix I: List of genes and T-DNA lines
Gene
AGI
Mutant
ESSP1/AtTHP1

AtNUP1

AtSAC3A

AtSAC3B

AtSAC3C

AtCEN1

AT2G19560

AT3G10650

AT2G39340

AT3G06290

AT3G54380

AT4G37010

Allele

Primer for T-DNA genotyping

SAIL_82_A02

atthp1-1

82A02F/R+pDAP101-LB

eer5

atthp1-2

N/A (Substitution)

essp1

atthp1-3

N/A (Substitution)

SK6095

atthp1-4

SNPColF/R+pSKI015-LB

SALK_020221

atnup1-2

SALK020F/R+pROK-LB1

SALK_104728

atnup1-1

SALK104F/R+pROK-LB1

CSHL_GT1662

atnup1-3

GT1662F/R+pDs-Lox

SAIL_584_A02

atsac3a-2

CS824F/R+pDAP101-LB

SAIL_115_F06

atsac3a-1

CS805F/R+pDAP101-LB

SALK_026819

atsac3b-2

SALK026819F/R +pROK-LB1

WISCDSLOX489-492C8

atsac3b-1

CS858305F/R+pDs-Lox

SAIL_1182_B02

atsac3c-1

CS843742F/R+pDAP101-LB

SALK_083805

atsac3c-2

SALK083805F/R+pROK-LB1

SM_3_20758

atcen1-1

N105905F/R+Spm32
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Appendix I cont’d
Gene

AGI

Mutant

Allele

Primer for T-DNA genotyping

AtCEN2

AT3G50360

SAIL_893_A02

atcen2-1

CS840224F/R+pDAP101-LB

SALK_060097

atcen2-2

SALK060097F/R+pROK-LB1

AtSUS1

AT3G27100

SALK141684C

atsus1-1

SALK141684F/R+pROK-LB1

AtDSS1(I)

AT1G64750

atdss1(i)-1

atdss1(i)-1

N/A(RNAi)

AtDSS1(V)

AT5G45010

CS320551(GK127A04)

atdss1(v)-1

AtDSS1F/R+pAC161-LB

UCH1

AT5G16310

FLAG_071B02

uch1-1

F71B02F/R+

UCH2

AT1G65650

N/A

N/A

N/A
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Appendix II: List of yeast and bacteria strains
Species

Strain

Genotype

Yeast

AH109

MATa trp1-901 leu2-3,112 his3-200 ura3-52
GAL2UAS-GAL2TATA-ADE2 MEL1UAS-MEL1TATA-LacZ

E. coli

DH5α

fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17

E. coli

DH10B

F- mcrAΔ(mrr-hsdRMS-mcrBC) Φ80dlacZΔM15 ΔlacX74 endA1 recA1 deoR Δ(ara,leu)7697 araD139 galU
galK nupG rpsL λ-

E. coli

DB 3.1

F- gyrA462 endA1 glnV44 Δ(sr1-recA) mcrB mrr hsdS20(rB-, mB-) ara14 galK2 lacY1 proA2 rpsL20(Smr)
xyl5 Δleu mtl1

A. tumefaciens

GV3101

C58C1 Rifr pMP90 Gmr

gal4Δ

gal80Δ

LYS::GAL1UAS-GAL1TATA-HIS3
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Appendix III: Primers used to clone DNA fragment for yeast two-hybrid and BiFC assay
Gene
Primer
Primer sequence (5’-3’)
ESSP1

AtSAC3A

AtSAC3B

AtSAC3C

AtCEN1

AtCEN2

Pda11926F

GTGGAATTCGCGTACGTTAGTATGGGTGAAGCTCAC

Pda11926R

CTTCTGCAGTAACAGGCTTCCCGTTTAGTTTAGGGA

yESSP1F

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCGAATTCATGGCGTACGTTAGTATGGGTG

yESSP1R

GGGGACCACTTTGTACAAGAAAGCTGGGTTGGATCCTTATGAGCTAACAGGCTTCCCG

ySAC3AF

GGGGACAAGTTTGTACAAAAAAGCAGGCTGCGAATTCATGAATCACGGAGGGAACA

ySAC3AR

GGGGACCACTTTGTACAAGAAAGCTGGGTTGGATCCTGTACGTGTAAAAAAATCATTGAC

AtSAC3BF

GGGGACAAGTTTGTACAAAAAAGCAGGCTCAATGGCGTTTAGGCCTTTC

AtSAC3BR

GGGGACCACTTTGTACAAGAAAGCTGGGTAGAAGTAAATACAGAGCTTCTCGG

AtSAC3CF

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAATCGTCGTAATCGT

AtSAC3CR

GGGGACCACTTTGTACAAGAAAGCTGGGTAAATCGACATCTTAATCCGTTCA

AtCEN1F

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGTGTCGAGTATATACAGAACTG

AtCEN1R

GGGGACCACTTTGTACAAGAAAGCTGGGTTGTCGACCTAGTTACCACCATAAGCAG

AtCEN2F

GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGGCGAATTACATGTCGGA

AtCEN2R

GGGGACCACTTTGTACAAGAAAGCTGGGTAGCCGTAAGAGGTTCTCTCTTCA
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Appendix III cont’d
Gene

Primer

Primer sequence (5’-3’)

AtDSS1(I)

AtDSS1(I)F

GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGGCGGCAGAACCGAAG

AtDSS1(I)R

GGGGACCACTTTGTACAAGAAAGCTGGGTATTTCTTGTCAGTACCATTCTCAAGCT

AtDSS1(V) AtDSS1(V)F

AtNUP1

AtSus1

RPN3A

RPN3B

GGGGACAAGTTTGTACAAAAAAGCAGGCTGGGAATTCATGGCGGCAGAACC

AtDSS1(V)R

GGGGACCACTTTGTACAAGAAAGCTGGGTGGATCCATTTCTTCTCACTAGCATTCTCA

NupF

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGCGAGCGCGGCACGGGGA

NupR

GGGGACCACTTTGTACAAGAAAGCTGGGTTCTCGAGTTATTTCTTCCTGGTGGATTTCT

AtSus1F

GGGGACAAGTTTGTACAAAAAAGCAGGCTCGCATATGAAACATTCGGTGAATCGG

AtSus1R

GGGGACCACTTTGTACAAGAAAGCTGGGTTGGATCCTCAAAGAGCAGCTGATACAATG

RPN3AF

GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGACTCAGGACGTGGAGA

RPN3A/BR

GGGGACCACTTTGTACAAGAAAGCTGGGTAAAAATCATCATCGTCTTCCT

RPN3BF

GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGACTCAGGACGTAGAGATGA

RPN3A/BR

GGGGACCACTTTGTACAAGAAAGCTGGGTAAAAATCATCATCGTCTTCCT

- 215 Appendix IV: Primers used for RT-PCR to determine the mRNA expression
Gene

Primer

Primer sequence (5'-3')

AtSAC3A

AtSAC3AP1

CTCAAATCCTGCTCTGCTCT

AtSAC3AP2

CTTGCACATTGCCTGTGGCT

AtSAC3AP3

GACAGCACCGTTAGTGGATTCACA

AtSAC3AP4

GCTGAAAGTTGAAGCTGGCTTCACA

AtSAC3BP1

ATGGCGTTTAGGCCTTTC

AtSAC3BP2

CGCTGAATTGAAGGACCACT

AtSAC3BP3

GTCTTCGGCTGTAGCACCT

AtSAC3BP4

TATCTCCATCCACACGCTCA

AtSAC3CP1

ATGTAAGACCGCTCCCAGT

AtSAC3CP2

CCATCACTCCACTACTAGGA

AtSAC3CP3

TAGAACAGCTTCTGAGGCGA

AtSAC3CP4

GCATTACAACATGGAAGAGGT

AtNUP1P1

GAATGGTTTGATTCGGATGGA

AtNUP1P2

CTCAAACTTCCAGGAGGTGT

At7S1F

AGACAATTCTCCAGTCAGCT

At7S1R

CAATCGTCACACTACTCACA

Actin2F

TCTTCCTCATFCTATCCTTCGTCT

Actin2R

AAACAGCATCATCACAAGCATCCT

EF1αF

TGCTGTCCTTATCATTGACTCCACCAC

EF1αR

TAGTGGCATCCATCTTGTTACAACAGC

AtSAC3B

AtSAC3C

AtNUP1

At7S1

ACTIN2

EF1α

- 216 Appendix V: Primers used to confirm T-DNA insertion
T-DNA Line

Primer

Primer sequence (5'-3')

SAIL_82_A02

82A02F

AAGAAGGGGAATATCAATGGG

82A02R

ATTGGTGAAGTAGGAGGACCC

SNPColF

ACCAAAAGATGAGCTCCTGC

SNPColR

CATGGTGAAAACTCCACAGT

SALK020F

TCTTCTTTGGAGGATGCTCTTCCA

SALK020R

TCCACTATGAATGAGGAGCAGAGA

SALK104F

CAATGCACTCATCGAGAGTCTGGT

SALK104R

CGCAGAAAGGTTCGTTGAAACCCT

GT1662F

GAGACTGCTGCTTGTCCAAAC

GT1662R

AACTTCAGCATCTCCCCTCTC

CS824F

GACAGCACCGTTAGTGGATTCACA

CS824R

GCTGAAAGTTGAAGCTGGCTTCACA

CS805F

TAGATAGCTACTCCGTTCATCACCA

CS805R

TCCAAGAGTTCACATACGGAGCCT

SALK026819F

GTCTTCGGCTGTAGCACCT

SALK026819R

GCATGTCTCAGGCATATGCT

SK6095

SALK_020221

SALK_104728

CSHL_GT1662

SAIL_584_A02

SAIL_115_F06

SALK_026819

WISCDSLOX489-492C8 CS858305F

TGTGTGTTTAACCCTCTGCT

CS858305R

TTGGACAGCCACTAATCGCA

CS843742F

TCTCTGGTGCTAATGTGGGA

CS843742R

CCATCACTCCACTACTAGGA

SALK083805F

TGTGTGTTTAACCCTCTGCT

SALK083805R

TTGGACAGCCACTAATCGCA

SAIL_1182_B02

SALK_083805

- 217 Appendix V cont’d
T-DNA Line

Primer

SM_3_20758

N105905F

GCGAAAATGACTTACGAGCTG

N105905R

AATCACAATCTCACGCAAACC

CS840224F

GGTTAATCCGGAACAGGGT

CS840224R

CAGCTCTAACACTAAAGGGT

SALK060097F

AACCGAGACGTCATCATGGA

SALK060097R

CCACCATAAGCAGTTCTCCT

SALK141684F

GGTGGAAACAAAGAAGAAGGC

SALK141684R

CCTGCAAGCAATTCTCATCTC

F71B02F

GTCTCTCGATAGCCATTGTGC

F71B02R

AACCCTCTCTCGCTTTCTTTG

SAIL_893_A02

SALK_060097

SALK_141684C

FLAG_071B02

Primer sequence (5'-3')

- 218 Appendix VI: List of modified vectors
Vector

Promoter Reporter/Tag Selection* Application

pEarleyGate100-YC

35S

None

BAR

BiFC

pEarleyGate100-YN

35S

None

BAR

BiFC

pEarleyGate201-YN

35S

N-HA

BAR

BiFC

pEarleyGate202-YC

35S

N-FLAG

BAR

BiFC

pEarleyGate301-YC

35S

C-HA

BAR

BiFC

pEarleyGate301-YN

35S

C-HA

BAR

BiFC

YC-pEarleyGate100

35S

None

BAR

BiFC

YN-pEarleyGate100

35S

None

BAR

BiFC

pMDC99(+35S)-100-YC

35S

None

Hyg

BiFC

pMDC99(+35S)-100-YN

35S

None

Hyg

BiFC

pMDC99-100-YC

native

None

Hyg

BiFC

pMDC99-100-YN

native

None

Hyg

BiFC

pMDC32-202

native

N-FLAG

Hyg

Expression/Purification

pMDC32-301

native

C-HA

Hyg

Expression/Purification

pMDC99(+35S)-101

35S

C-YFP-HA

Hyg

Expression/Purification

pMDC99(+35S)-102

35S

C-CFP-HA

Hyg

Expression/Purification

pMDC99(+35S)-301

35S

C-HA

Hyg

Expression/Purification

pMDC99(+35S)-302

35S

C-FLAG

Hyg

Expression/Purification

pMDC99+35S promoter

35S

None

Hyg

Expression

pMDC99-100

native

None

Hyg

Expression

pMDC99-101

native

C-YFP-HA

Hyg

Expression/Purification

pMDC99-102

native

C-CFP-HA

Hyg

Expression/Purification

pMDC99-301

native

C-HA

Hyg

Expression/Purification

pMDC99-302

native

C-FLAG

Hyg

Expression/Purification

* BAR: BASTA resistant, Hyg: hygromycin resistant
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NP

N

AtSAC3C

C

AtCEN1

N

N+C

N

NP
N

N+C

N+C

NP

NP

N+C

N+C

N
N+C

NP

N

N+C

W

N+C

N+C

N+C

N+C

N+C

N+C

NW

NW

N+C

N+C

N+C

N+C

AtCEN2
AtSUS1

NP

RPN12A

NP

RPN12B

NP

N

NW

N+C

N+C

N+C

N+C

W

N+C

N+C

N+C

N+C

N+C

N+C

N+C

AtDSS1(I)

N+C

NP

N

N

N+C

N+C

N+C

N+C

N+C

N+C

N+C

N+C

N+C

N+C

AtDSS1(V)

N+C

NP

N

N

N+C

N+C

N+C

N+C

N+C

N+C

N+C

N+C

N+C

N+C

N+C

N+C

N+C

N+C

N+C

N+C

RPN3A

N+C

RPN3B

W

UCH1

N+C

N

N+C

N+C

N+C

N+C

N+C

N+C

N+C

UCH2

N+C

N

N+C

N+C

N+C

N+C

N+C

N+C

N+C

Vector

*YN, protein fused to N-terminal YFP; -YC, protein fused to C-terminal YFP; NP-Nuclear periphery; N-Nucleus; C-cytoplasm; W-weak signal;

Vector

N

NP

UCH2

AtSAC3B

N

NP

UCH1

N

NP

N+C

RPN3B

N

NP

N+C

RPN3A

NP

NP

AtDSS1(V)

N

N+C

AtDSS1(I)

AtSAC3A

RPN12B

NP

RPN12A

NP

AtSUS1

NP

AtCEN2

NP

AtNUP1

AtCEN1

N

AtSAC3C

AtSAC3B

N

ESSP1

AtNUP1
NP

YC
YN

ESSP1

AtSAC3A

Appendix VII: List of all the interactions tested by BiFC *
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BD

ESSP1

AtSAC3A

AtSAC3B

AtSAC3C

AtCEN1

AtCEN2

AtDSS1(I)

AtDSS1(V)

AtSUS1

AtNUP1850-1309

AtNUP1

RPN3A

RPN3B

pGADT7

Appendix VIII: List of all the interactions tested by Y2H *

ESSP1

-

++

++

-

-

-

-

++

-

++

n/a

-

-

-

AtSAC3A

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

++

AtSAC3B

-

++

-

-

+

+

-

-

-

-

n/a

-

-

-

AtSAC3C

-

-

-

-

-

-

-

-

-

-

n/a

-

-

-

AtCEN1

-

++

+

-

-

+

-

-

-

-

n/a

-

-

-

AtCEN2

-

-

++

+

-

-

-

-

-

-

n/a

-

-

-

AtDSS1(I)

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

++

AtDSS1(V)

-

-

-

-

-

+

-

-

-

-

n/a

++

++

-

AtSUS1

-

-

-

-

-

-

-

-

-

-

n/a

-

-

-

AtNUP1850-1309

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

++

AtNUP1

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

++

RPN3A

-

-

-

-

-

-

++

++

-

-

n/a

-

-

-

RPN3B

-

-

-

-

-

-

++

++

-

-

n/a

-

-

-

pGBKT7

-

-

-

-

-

-

-

-

-

-

++

-

-

AD

* BD-, protein fused to Gal4 binding domain; AD-, protein fused to Gal4 activation domain; pGADT7 & pGBKT7, empty vectors for Y2H; n/a, data not
available due to the self-activation

- 221 Appendix IX: GO enrichment in AtSAC3b co-response genes
GO Term

Biological Process

P*

0016071

mRNA metabolic process

1.49E-11

0051276

chromosome organization

1.49E-11

0016070

RNA metabolic process

2.23E-10

0090304

nucleic acid metabolic process

2.23E-10

0006139

nucleobase-containing compound metabolic process

1.30E-07

0050793

regulation of developmental process

3.83E-07

0006397

mRNA processing

9.02E-07

0016568

chromatin modification

1.77E-06

2000026

regulation of multicellular organismal development

1.95E-06

0048580

regulation of post-embryonic development

1.97E-06

0051239

regulation of multicellular organismal process

1.97E-06

0006401

RNA catabolic process

1.97E-06

0006325

chromatin organization

2.78E-06

0000956

nuclear-transcribed mRNA catabolic process

3.88E-06

0006396

RNA processing

4.17E-06

0006402

mRNA catabolic process

1.12E-05

0007049

cell cycle

1.65E-05

0007062

sister chromatid cohesion

3.17E-05

2000241

regulation of reproductive process

3.22E-05

0048519

negative regulation of biological process

3.85E-05

0008380

RNA splicing

4.04E-05

0022414

reproductive process

0.00011

0048608

reproductive structure development

0.000113
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GO Term
0006996

Biological Process
organelle organization

P*
0.000129

0009909

regulation of flower development

0.000174

0000003

reproduction

0.000197

0071842

cellular component organization at cellular level

0.000212

0007059

chromosome segregation

0.000257

0003006

developmental process involved in reproduction

0.000336

0044265

cellular macromolecule catabolic process

0.000478

0010228

vegetative to reproductive phase transition of meristem

0.000514

0034641

cellular nitrogen compound metabolic process

0.000578

0010605

negative regulation of macromolecule metabolic process

0.000778

0006807

nitrogen compound metabolic process

0.001164

0009908

flower development

0.001288

0048581

negative regulation of post-embryonic development

0.001393

0048856

anatomical structure development

0.001621

0009791

post-embryonic development

0.001793

0040029

regulation of gene expression, epigenetic

0.001917

0007275

multicellular organismal development

0.002268

0000184

nuclear-transcribed mRNA catabolic process

0.002479

0009892

negative regulation of metabolic process

0.003123

0044260

cellular macromolecule metabolic process

0.003772

0051093

negative regulation of developmental process

0.004258

0010629

negative regulation of gene expression

0.004476

0031047

gene silencing by RNA

0.005159
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GO Term
0048513

Biological Process
organ development

P*
0.007215

0048731

system development

0.00734

0032502

developmental process

0.008485

0010467

gene expression

0.008485

0032501

multicellular organismal process

0.010457

0016458

gene silencing

0.012158

0065007

biological regulation

0.012892

0043044

ATP-dependent chromatin remodeling

0.013087

0031086

nuclear-transcribed mRNA catabolic process

0.013087

0031087

deadenylation-independent decapping of nuclear-transcribed mRNA

0.013087

0009057

macromolecule catabolic process

0.014718

0035194

posttranscriptional gene silencing by RNA

0.015604

0022402

cell cycle process

0.021389

0043170

macromolecule metabolic process

0.025829

0048573

photoperiodism, flowering

0.02676

0009292

genetic transfer

0.02676

0009294

DNA mediated transformation

0.02676

0016567

protein ubiquitination

0.027593

0009910

negative regulation of flower development

0.029484

0016441

posttranscriptional gene silencing

0.029484

0016043

cellular component organization

0.031637

2000242

negative regulation of reproductive process

0.033151

0009648

photoperiodism

0.037474
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GO Term
0009790

Biological Process
embryo development

P*
0.042523

0032446

protein modification by small protein conjugation

0.043767

0048367

shoot development

0.043915

0050789

regulation of biological process

0.04448

0006338

chromatin remodeling

0.045291

*P: significance level
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